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This -report represents the fifth annual summary of research carried out

B

under Office of Naval Research Contract No. NOOOl4-79-C-0731. v The objective

of this research is to obtain a better understanding of the metallic sub-

strate/organic coating/interface system so that improvements may be made in
corrosion control of metals by painting. The report this year includes a
summary of progress made in 14 different components of the program. These
activities are concerned with (a) the chemical nature of the oxide on the
surface of steel; (b) the loss of adhesion of an organic coating on a metal;
(¢) chemical modification of the surface of a metal; (d) the detection of

water in a coating; and (e) the transport of species through organic coatings.?
]

4

i

Each of the 14 components has been authored by the co-principal director or /
an associate and there is a difference in the style of presentation. It
should be noted that the material has been organized into a logical sequence
of the divisions noted above and the number assigned to a program is

not necessarily the same as the number in the fourth annual report. The

report has been written so that it is self-standing and there is no need

to refer to previous reports.

v

Cecleloo el

i It is recognized that readers of this report will be interested in the

contents for different purposes. In an effort to accommodate to these di-

verse interests, the report is presented in the following format:

(1) A list of public disclosures of the research. The references
mav be useful to those who wish to explore the research re-
sults in greater detail.

(2) A condensation of the total program. This summary is aimed
at those who wish to obtain an overview of the program and
the approaches being used. .

(3) A more detailed outline of the results generated during the -
present report period. )
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SECTION I

A List of Public Disclosures of the Research during the Period,
October 1, 1983 - September 30, 1984

Published Papers

"Metal/Flame-Sprayed-Aluminum Inteface as Studied by Emission Méssbauer Spec-
troscopy,' Henry Leidheiser, Jr., Herbert Herman, R. A. Zatorski, Svetozar
Music’, and Attila Vertes, J. Electrochem. Soc. 131, 1348-49 (1984).

"The Importance of Alkali Metal Cations in Acid Environments in Contact with
Corrosion-Protective Coatings,'" Henry Leidheiser, Jr., Hyacinth Vedage,
Richard D. Granata, and Malcolm L. White, J. Electrochem. Soc. 131, 1460-61
(1984),

v

"The Improved Corrosion Resistance of Steel in Mild Media after Abrasive
Blasting with Alumina,” Henry Leidheiser, Jr., Svetozar Music, and J. F.
McIntyre, Corrosion Science 24, 197-208 (1984).

el

"Corrosion and Coating Delamination Properties of Steel Ion-Implanted with
Aluminum and Titanium," R. D. Granata, M. A. DeCrosta and H. Leidheiser, Jr.,
Proceedings of the International Congress on Metallic Corrosion, Toronto,
Canada, June 3-7, 1984, pp. 264-68

"Characterization of Phosphate Conversion Coatings by Laser Raman Spectros-
copy," A. J. Sommer and Henry Leidheiser, Jr., Proceedings of the 19th Annual
Conference of the Microbeam Analysis Society, Bethlehem, PA., A. D. Romig, Jr.,
and J. I. Goldstein, Editors, San Francisco Press, Inc., 1984, pp.lll-14,

"The Composition and Properties of a Protective Layer Formed on a Steel by
Anodizing with 8-Hydroxyquinoline,'" Hidetaka Konno, Masaichi Nagayama, Henry
Leidheiser, Jr., and Richard D. Granata, J. Metal Finishing Soc. of Japan 35,
No. 8, 402-08 (1984).

Reprint of paper, 'Corrosion of Painted Metals - a Review,'" Henry Leidheiser,
Jr., in the book, "Corrosion Source Book," Seymour K. Coburn, Editor, Ameri-
can Society for Metals and National Association of Corrosion Engineers (1984),
pp.215-24,

"A Model for the Quantitative Interpretation of Cathodic Delamination,'" Wendy
Wang and Henry Leidheiser, Jr., in Proceedings of an International Symposium
Honoring Marcel Pourbaix on His Eightieth Birthday, "Equilibrium Diagrams .
Localized Corrosion,'" R. P, Frankenthal and J. Kruger, Eds., Proceedings Vol. "
84-9, The Electrochemical Society, Pennington, NJ, 1984, pp.255-66. )

Rl e 2 and

"Migration of Ionic Species through Organic Coatings and Its Relationship to
Cathodic Delamination,” Jeffrey Parks and Henry Leidheiser, Jr., Proceedings
of XVII. FATIPEC Lugano (Switzerland), Vol III 1984, Nr. 70, pp. S.517-35.
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NG "Environmental Control or Coatings Composition As a Means for Reducing
A Cathodic Delamination of Organic Coatings," Henry Leidheiser, Jr., Wendy
Wang, Richard D. Granata, Hyacinth Vedage, and Malcolm L. White, J. Coat-
ings Tech. 56, No. 717, October 1984, pp. 55-56.

"A M8ssbauer Spectroscopic Study of Rust Formed during Simulated Atmospheric
Corrosion," Henry Leidheiser, Jr., and Ilona Czako-Nagy, Corrosion Science
25(7), 569-77 (1984).

"Protective Organic Coatings and the Coating/Metal Interface,' Henry Leid-
heiser, Jr., In Proceedings - INTERFINISH '84, llth World Congress on Metal
Finishing, Jerusalem, Israel, October 21-26, 1984, pp.23-27.

"A Model for the Quantitative Interpretation of Cathodic Delamination,'" Wendy
Wang and Henry Leidheiser, Jr., In Proceedings - INTERFINISH '84, llth World
Congress on Metal Finishing, Jerusalem, Israel, October 21-26, 1984, pp. 262-
69.

"Inhibition Methods for Semiconducting Protective Oxides on Mild Steel,"
R. D. Granata, Paper No. 124, National Association of Corrosion Engineers, b
Corrosion '84 Conference, 1984,

"Acid-Base Contributions to Polymer-Filler Interactions,' Rubber Chem. & Tech.
57, 328-43 (1984). §
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"Drying and Curing of Epoxy Resin-Curing Agent Systems," Ata-ur Rahman, M.S.
Report, Polymer Science & Engineering, October 1983,

A
2 a

"Some Effects of Acid-Base Interactions,”" A. C. Tiburcio, M.S. Report, Chemical
Engineering, October 1983,

"Cathodic Blistering,” Valmore Rodriguez, M.S. Report, Chemical Engineering,
January 1985.

"The Mechanism for Cathodic Delamination Process at the Organic Coating/Metal
Substrate Interface," Wendy, Ching-Yung Wang, Ph.D. Thesis, Chemical Engineer-
ing, January 1984,

"Characterization of Acid-Base Properties of the Hydrated Iron Oxide and
Titanium Oxide on Metal Surfaces by XPS and AES," Bruce C. Beard, Ph.D.
Thesis, Chemistry, June 1984.

"Characterization of the Acidic Surface Sites on -Ferric Oxide Using Flow
Microcalorimetry,"” Sara T. Joslin, Ph.D. Thesis, Polymer Science and Engineer-
ing, October 1984,
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[
i
:
:
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]

"Development and Application of High Frequency Dielectric Spectroscopy in
Studies of Water in Organic Coatings,'" Douglas J. Eadline, Ph.D. Thesis,
Chemistry, October 1984,

"Water and Ion Diffusion through Organic Coatings on Steel and the Cathodic
Delamination Process,'" Jeffrey M. Parks, Ph.D. Thesis, Physical Chemistry,
January 1985.
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Papers Submitted, Accepted or in lress

"A Mathematical Model for the Cathodic Delamination of Urganic Coatings,"”
Wendy Wang and Henry Leidheiser, Jr., Submitted to I&EC Prod. R&D.

"Oxygen Diffusion through Organic Free Films Exposed to Aqueous Solutir s,"
Wayne Bilder and Henry Leidheiser, Jr., Submitted to I&EC Prod. R&D.

"Resistance Measurements on Thin Film Substrates as a Technique for Study
ing the Deterioration of Coated Metals,”" J. F. McIntyre and H. Leidheiser, Jr.,
Submitted to I&EC Prod. R&D.

"Ionic Diffusion through Organic Coatings and Its Consequences to Corrosion,"
J. Parks and H. Leidheiser, Jr., Submitted to I&EC Prod. R&D.

"Acid-Base Effects in Glass-Bead/Phenoxy Model Coating Svstems,' Astrophel C.
Tiburcio and John A. Manson, Submitted to I&EC Prod. R&D.

"Laser Raman Study of the Homogeneity of Epoxy-Amine Coatings,'" Eugene M. Allen,

Submitted to I&EC Prod. R&D. -

"Surface Acidity of Ferric Oxides Studied by Flow Microcalorimetry,'" Sara T.
Joslin and Frederick M. Fowkes, Submitted to I&EC Prod. R&D.

"High Frequency Time Domain Dielectric Spectrometer for the Determination of
Water in Polymer Coatings on Metal Substrates,' Douglas J. Eadline and Henry
Leidheiser, Jr., Submitted to Review of Scientific Instruments.

"Corrosion beneath Polymeric Coatings on Thin Metal Films as Studied Using
Concurrent AC Impedance and Parallel DC Resistance Measurements,'" J. F. Mc-
Intyre and H. Leidheiser, Jr., Submitted to J. Electrochem. Soc.

"Characterization of Acid-Base Properties of the Hydrated Iron Oxide and
Titanium Oxide on Metal Surfaces by XPS and AES," Bruce C. Beard and Gary W.
Simmons, to be submitted.

"Characterization of Surface Properties of Iron Oxides,'" F. J. Micale,
D. J. Kiernan, A. C. Zettlemoyer, Submitted to J. Colloid Interface Sci.
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SECTION 2

A Summary of the Experimental Results Obtained during the Period,
October 1, 1983 - September 30, 1984

A summary is given herein of the total research program, the components
of which are directed by 7 Lehigh faculty members, a research scientist and
a research associate. Detailed summaries of the programs are given in the
body of the report.

The research efforts are directed towards a better understanding of the
metal substrate, the interface between the metal and the coating, and the
organic coating.

The interaction between an organic coating and a steel substrate and
the interaction of inorganic fillers and pigments with the organic matrix
are determined in good part by acid/base interactions. Three studies have
been carried out in order to increase our understanding of these effects.

The properties of large-area iron oxides were investigated as model
corrosion products or model oxide-covered iron surfaces. All the iron
oxides are hydrophilic and contain high concentrations of hydroxyl groups.
These surface hydroxyls can be used to interact quantitatively with hydro-
phobing agents such as dimethyldisilazane (HMDS) or other coupling agents
capable of interacting with protective coatings for the purpose of promoting
adhesion. Methanol is a very efficient hydrophobing agent for a-FejO3 when
the oxide is previously heated at 400°C in vacuum.

The acid/base nature of o-Fe,0, was studied using adsorption of nitro-
gen and oxygen bases from neutral hydrocarbons onto the surface sites. The
technique utilized was flow calorimetry. The heats of adsorption were
critically dependent on the amount of adsorbed moisture. The acidic surface
FeOH sites were found to be hard acids with a range of acid strengths in
agreement with studies based on electrophoretic measurements.

The studies with high-area iron oxides were complemented with a study
of the hydroxyl groups on the oxide present on iron panels. High resolution
oxygen spectra of the hydrated oxide on iron indicated the presence of hy-
droxyls with concentrations of 2-4 hydroxyls/nmz. The surface hydroxyls ex-
changed with potassium as a function of pH at high pH and with phosphate in
the neutral to slightly alkaline pH range. These data were utilized to
determine the equilibrium for surface FeOHé* groups.

The major damage on a coated metal exposed to an aggressive environment
occurs in the interfacial region between the metal and the coating and is a
result of the cathodic reaction which generates hydroxyl ions. The local
strong alkalinity leads to dissolution of material in the interfacial region
or attack of the polymer with a consequent loss in adhesion of the coating.
Three studies are being carried out in an effort to modify the metal surface
such that it is a poor catalyst for the cathodic oxygen reduction reaction.

-6—
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One of these is concerned with modifying the surface by abrasive blasting and
the other two are concerned with changing the surface character by reaction
of materials with the -OH groups on the iron oxide that normally is present
on the surface of iron on exposure to the atmosphere.

Steel surfaces, coated with a thin layer of evaporated second metal,
were abrasively blasted in efforts to modify the surface chemistry of the
steel. Changes in the electrochemical properties of such surfaces were at-
tributed to variations in surface profile, alterations in the stress state
of the surface, and chemical changes in the oxides or other surface species.
In general, abrasively blasted steel surfaces have a higher corrosion re-
sistance in mild media than non-abrasively treated surfaces. Unusual, and
unexplained, corrosion resistance was observed when steel surfaces were
abrasively blasted with glass beads coated with sodium benzoate.

Two techniques for modifying the surface of iron look promising, one
based on anodization in the presence of aluminum cations and the other based
on reaction with a titanium coupling agent. Two-step anodizations yield
surfaces of iron with slightly modified surface activities. The oxide film
in both cases appears to be more stable. Silanation of iron surfaces by
simple dipping in aqueous solutions also shows promise as a means for modi-
fying the corrosion and catalytic properties of iron.

Commercial metal surfaces are often modified by coating the surface with
a phosphate, the most common of which is a zinc phosphate. Solution studies,
Raman microprobe spectroscopy and electron microprobe analyses have shown
that dissolution rates of the phosphate increase with increase in pH and that
precipitation of a zinc oxide or zinc hydroxy carbonate occurs on the surface
v of the phosphate. The rate of dissolution of the phosphate was a function of
¢ the alkali metal ion in the solution and the rate increased in the order:
LiOH, CsOH, KOH, NaOH.

Y S

I
O R I

ﬁi, A sensitive technique was developed for following changes in the metallic
substrate in the case of a coated metal exposed to an aqueous environment. A
coating is applied to a thin metal film on glass and the parallel DC con-
ductivity of the metal is followed by a variation of the four-point probe
method. Impedance measurements and microscopic studies of the interface
through the glass backing were made simultaneously with the parallel DC meas-
urements. The technique is verv sensitive and changes in the parallel DC .
conductivity are observed before corrosion is signaled bv the AC impedance l
values.

IUEYEDEEY SN

TR Ty ey

b' Phosphate coatings provide improved resistance to cathodic delamination, N
o i.e., the loss of adherence that occurs when metal with a defect is subjected
PY to an applied cathodic potential. The rate of cathodic delamination of an

- epoxv coating on steel is stronglv a function of the alkali metal catien
present in the medium and increases in the order, lithium, sodium, cesium

and potassium. This order is interpreted in terms of an integration of the
rate of diffusion of the alkali metal to the delaminating front and the rate
of dissolution of the phosphate.

1. .

(andER SN A i R
e

New wavs are being sought to determine the presence of aqueous phase
water at the coating/metal interface, since aqueous phase water is the

-7~
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precursor to corrosion at the interface. Two methods are being explored.
First, the incorporation of a probe molecule such as 2,2'-bipyridine at the
coating/metal interface looks promising as a water detection technique.

This molecule upon reaction with ferrous ion yields a complex when dis-
solved in water that has a resonance Raman band of very high intensity. The
method will be useful with transparent coatings. Second, high frequency
dielectric spectroscopy at 108 to 1010 H2 may be used to detect water in

an organic coating. The method has proven to be sensitive to the presence

of water in all coatings studied to date, including a vinyl ester, an acrylic
and an alkyd. More work remains to be done in order to deconvolute the g
spectra such that the aqueous phase portion can be differentiated from the

mobile or gas-like water in the coating. ‘

Reactions at the metal/organic coating irnterface are dependent upon
the rate at which reactive species, such as anions, cations, water and oxygen .
reach the interface. The diffusion rates of sodium, chloride and cesium ions
through an alkyd topcoat, an alkyd topcoat plus primer and polybutadiene on R

steel were determined. Cathodic polarization resulted in a 3- to 28-fold -
increase in the rate of ion uptake, and presumably ion migration, tb- |
the coating. The major pathway for ionic diffusion under cathodic riza - 1
tion conditions was through the coating. Lateral diffusion from t _ defect -
to the delamination front appeared to be the principal transport patbwa' at A

open circuit. The ion flux was sufficient to account for the observe. .- ’

lamination rate under cathodic polarization when certain assumptions were
made.

Oxvgen diffusion through a polyethylene film under conditions designed
to reflect conditions existing during cathodic polarization of a coated metal
was a function of the cation in the chloride solution and increased in the
order, lithium, sodium, potassium. The differences in the rate of oxygen
diffusion did not appear large enough to explain the strong cation dependence
observed in cathodic delamination.

Inhomogeneities in a coating is a possible explanation for regions of
high water migration through a coating. A laser Raman microprobe method was
developed for determining the uniformity of distribution of the epoxy and
amine components in an electrodeposited coating. A peak ratio method was
suggested for determining the mol fraction of amine in the coating. Unwanted
fluorescence was minimized by heating the sample while obtaining the spectrum.

A model system consisting of glass beads (to represent a filler or a
pigment) and a linear high molecular weight phenoxy as binder was utilized
. to determine the effects of pigment/binder interaction on the permeability
2 and other properties of coatings used for corrosion resistance. The enthalpy 3
'. of adsorption of 6 crganic compounds on glass beads was determined using an PN
inverse gas chromatographic technique. The glass beads were observed to 3
contain active sites with varying degrees of acidity. Untreated glass beads .
exhibited higher permeability to water vapor at 50°C than glass beads having
adsorbed components on the surface. The treated glass/matrix system exhibited

Q.

1 a higher permeability than the behavior predicted for the limiting case of
Y good adhesion with an impermeable filler. The role of the solvent in deter- [
{ mining the permeability characteristics is emphasized. §

g -8-
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INDIVIDUAL PROGRAMS
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Program #1

Characterization of the Surface Properties of Iron Oxides

Principal Investigator: F. M. Micale
Prof. of Chemistry

Associate: Dennis Kiernan
Graduate Student

INTRODUCTION

The development of protective coatings for corrosive materials requires
a knowledge not only of the physical properties of the coating, but also the
nature of the interaction of the coating with the substrate and the affinity
of the metal oxide/coating interface for water. Water plays an essential
role in the corrosion of iron [1]. The growth of rust layers on ferrous
metals in the atmosphere where water vapor is present, or the retention
of water by certain soils are additional examples of the importance of the
interaction of iron oxide with water. In addition, an understanding of the
iron oxide-water system should provide insight into the broader problem in-
volving adsorption of polar gas on an ionic solid. The experimental approach-
es used to study the surface properties of materials require high-surface-
area, small-particle-size samples. Mdssbauer spectroscopic and X-ray dif-
fraction techniques have shown that a—Fe203, Fe304, vy-FeOOH, and 8-FeOOH,
among others, are present as corrosion products on iron exposed to the
atmosphere [2].

Although a large body of literature exists in the area of gas adsorption
on metal oxide surfaces, relatively little has been published for the adsorp-
tion of gases on iron oxides. Previous investigations in this laboratorv by
McCafferty and Zettlemover [3] studied the interaction of water vapor with
a—Fe203 using heat of immersion [4], dielectric techniques [5,6], and adsorp-
tion thermodynamics. They concluded [7] that water vapor chemisorbs on bare
a-Fe203 by a dissociative mechanism to form two hydroxyls per water molecule,
the hydroxyl group adsorbing on a surface Fe * ion and the proton forming a
second hydroxyl with an adjacent surface 02- ion. The first laver of

-10-
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physically adsorbed water vapor on the hydroxylated substrate is localized
by double hydrogen bonding of a sinrle water molecule to adjacent hydroxyl
groups, as was shown by energetic, tnermodynamic, and dielectric arguments.
The multilayer adsorption was proposed to develop in an ordered ice-like
structure. Blyholder and Richardson [8] applied infrared spectroscopy to
the investigation of the a—FeZO /water system. They concluded that physi-
cally adsorbed water was completely removed by prolonged outgassing at 25°C
and that underlying surface hydroxyls were totally removed at 475°C. Jurinak
[9] investigated the interaction of water with a-Fe,05 at various activation
temperatures. He showed that about 1/3 of the a-Fe,0 surface is covered
with chemisorbed or strongly adsorbed water which, unless removed by high
temperature activation, blocks water adsorption sites on the surface.
Morimoto et al. [10] studied -the amounts of chemisorbed and physisorbed
water on a-Fe 03 They took the hydroxyl groups remaining on the oxide sur-
face into account and reported the ratio of the number of water molecules in
the first physisorption layer to that of underlying hydroxyl groups to be
about 1:2.

Modifications of surface properties by addition of surface-active materi-
als to the surface hydroxyls of silica are relatively common. Hexamethyldi-
silazane (HMDS) was chosen for this investigation because it reacts quanti-
tatively with surface hydroxyls from the vapor phase even at room temperature.
The interaction of HMDS was first reported by Stark et al. [11] and the re-
action kinetics have been explored by Hertl and Hair [12,13}. Kiselev and
his co-workers [14] examined the reaction of trimethylchlorosilane (TMCS)
with silica, as did Hair and Hertl [15] for all the methyl chlorosilanes.
Zettlemoyer and Hsing [16,17] first examined water interaction with silane-
treated silica by a NIR technique. They explored the possibility of the NHj
adsorption of HMDS-treated silica. Kiselev and co-workers [18] also investi-
gated the interaction of water with TMCS-treated silicas.

Although silane-type coupling agents exhibit the desirable property of
interacting quantitatively with surface hydroxyl groups, they have the un-
desirable feature of being relatlvely large. The cross-sectional area of
surface hydroxyls is about 10 A2 , Whereas the effective cross-sectional area
of a trimethyl silicon group, which results from the chemisorption of HMDS,

appears from previous work in this investigation to be in the range of 30-40 Az,

When silanes are performing the function of coupling agents, the steric factor
which limits adsorption is not important. When the function, however, is to
hydrophobe the surface, the objective is to completely hydrophobe the surface,
and in this application surface concentration potential becomes important.
Although very little work has been carried out successfully to chemically in-
teract lower alcohols, and especially methanol, with surface hydroxyls [19,20],
a major effort has been attempted in the investigation to hydrophobe the sur-
face of iron oxides by means of chemisorption of methanol on surface hydroxyls.
One of the objectives of this phase of the program, therefore, is to hydro-
phobe the surfaces of the iron oxides, which have been identified as corro-
sion products, and which have been characterized as containing high concentra-
tions of surface hydroxyls.
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Gas adsorption measurements are the primary technique used to evaluate
the concentration of surface polar groups and the effectiveness of different
surface modifications. Additional experimental techniques, such as heats of
immersion, electrophoresis, and near infrared reflectance spectroscopy, have
been used in this investigation in order to determine the nature of these
polar groups under different conditioms.

The iron oxide samples used in this investigationm, a-Fe203, a-FeOOH,
and y-FeOOH, were precipitated from solution according to experimental
techniques described in the Second Annual Report, page 161, November 1, 1981.
Previous work had investigated Fe30, and a-Fey0q obtained from Pfizer Inc.
The current and future experiments are expected to investigate iron oxide
samples prepared and characterized in this laboratory.

The argon gas adsorption isotherms for specific area determination were
obtained at liquid nitrogen temperatures using a classical BET volumetric
vacuum rig. The residual pressure of 106 torr differential pressure trans-
ducer (Datametrics, Inc.) was used to measure the argon gas pressure with a
sensitivity of 10~3 torr. Specific areas were calculated for argon molecular
cross-section of 17 &%, The water adsorption isotherms were measured on a
quartz spring (Worden Quartz Co.) balance with a sensitivity of 10 ug/g of
sample. The equilibrium water vapor pressure was measured with a 100 torr
capacitive differential manometer (Datametrics, Inc.).

——

RESULTS AND DISCUSSION

Water adsorption results had previously been reported on a-Fe,0, and
Fe30, samples obtained from Pfizer Inc. and on a~Fe,03, y-FeOOH, and a-FeOOH
prepared in this laboratory. The approach has been to characterize the
hydrophilic character of the different iron oxide samples, which have been
identified as corrosion products, as a function of pretreatment conditions
such as high temperature activation and chemisorption of trimethylsilicon
with surface hydroxyls via interaction with hexamethyldisilazane, HMDS. This
approach has been continued by determining the experimental conditions which
would result in the chemisorption of a single methyl group on the proton of
the surface hydroxyl via interaction of methanol with surface hydroxyls.

The experimental approach adopted here, which utilizes gravimetric tech-
niques for measuring water adsorption isotherms, is designed to determine the
degree of surface hydrophilicity of iron oxides as a function of activation
temperature in the range of 25° to 400°C under high vacuum, and after hydro-
phobing the surface with HMDS and methanol. The procedure measures the weight
loss as a function of activation temperature, the water adsorption isotherms
at 25°C after activation at the specified elevated temperature, and a second
series of isotherms which follows the previous series after activation at
25°C. The intent is to compare the weight loss results to the amount of
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irreversibly adsorbed water after each isotherm, and also the decrease in

N monolayer capacity of the second isotherm activated at 25°C compared to the
= . I3 » 3 3

= first isotherm which was activated at the elevated temperature. Since the
:! intrinsic surface properties of the iron oxide sample are sought in this ap-

q proach, the specific surface area, as determined from a BET analysis of argon
adsorption isotherms at -195°C, was measured as a function of activation
temperature.

The approach which has been used to hydrophobe iron oxide is by chemical
treatment of HMDS with the surface. Since surface hydroxyl groups on iron
oxides are primarily responsible for the adsorption of water, the approach
was to treat chemically these hydroxyls so as to render them hydrophobic.
Silanes, in general, are known to react with the proton of hydroxyls whether
they are part of the surface or of an organic or inorganic molecule. Hexa-
methyldisilizane, HMDS, was used to treat a-Fejy03, a-FeOOH and Feq04 accord-
ing to the following reaction:

H
I
2ROH + (CH3), Si-N-Si(CH3);—=NHj + 2ROSi(CH3),

where, R represents the iron oxide surface. HMDS adsorption isotherms were
measured on a-Fe,03 and y-FeOOH at 25°C after sample activation at 400°C. The
amount of irreversibly adsorbed HMDS, after subsequent activation at 25°C and
10~ torr, was assumed to be due to the above chemical reaction where one mole-
cule of HMDS reacts with two surface hydroxyl groups to yield two molecules of
chemisorbed trimethylsilicon and one molecule of ammonia. The results show
that the concentration of adsorbed trimethylsilicon was 1.5 and 2.5 groups/

100 22 for a—Fe203 and y-FeOOH, respectively. Since the cross-sectional area
of trimethylsilicon is expected to be about 40 Kz, 2.5 groups/100 &2 repre-
sents close packing and hence a maximum value.

The HMDS treatment has been shown to have a measurable effect on decreas-
ing the surface hydrophilicity of a-Fe,03, y-FeOOH, &-FeOOH and Fe404. The
proposed mechanism for this HMDS interaction is chemisorption of the trimethyl-
silicon group with the oxygen of the surface OH. Although both a-Fe,03 and
8-FeOOH exhibited about the same degree of surface hydrophilicity from water
adsorption isotherm results, a-Fe,03 irreversibly adsorbed 1.5 trimethvlsili-
con groups/100 32 as compared to 2.5 trimethylsilicon groups/100 32 for
y-FeOOH. Since the cross sectional area of trimethylsilicon is of the order
of 40 &2, the value of 2.5 groups/100 &2 represents a maximum value due to
close packing. The interpretation of these results is that the surface OH
groups are more randomly distributed on y-FeOOH as compared to a-Feo03. This
interpretation is consistent with previously reported electrophoretic mobility
results at a pH value of 1.8 where y-FeOOH exhibits a higher positive charge
than a-Fe»03, where the latter contains clusters of surface OH groups and
proton adsorption is limited by localized coulombic repulsion.

All of the iron oxide surfaces investigated thus far interact with HMDS
to vield chemisorbed trimethylsilicon which effectively hydrophobes the sur-
faces to varying degrees. There is no doubt that this silane type interaction,
which is basically replacement of the OH proton with a silicon-containing
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group, will occur on'a corroded iron oxide surface with a variety of different
silane molecules containing different functional groups. The implication is
that this type of chemisorption can be used to decrease surface hydrophilicity
of iron oxide and, at the same time, increase adhesion of a protective coating
through selection of the appropriate silane molecule. The limitation is the
degree to which surface hydrophilicity can be reduced by a molecule which is
significantly larger than the cross-sectional area of a surface hydroxyl group.
This limitation is especiallv serious because the silane type molecules which
are available are, by their nature, large compared to surface hydroxyl groups.

An experimental approach was attempted for chemisorbing methanol on sur-
face hydroxyls, where the methanol would have a comparable cross-sectional
area, according to the following proposed mechanism:

CH30H + ROH —» ROCH + HZO

where, R would represent the iron oxide surface. There is no question that
an activation energy would be required for this reaction to proceed. For ex-
ample, methanol will adsorb physically and reversibly at 25°C. A necessary
requirement is that the methanol adsorb chemically under the appropriate acti-
vation temperature conditions, and that the adsorption be irreversible under
room temperature conditions and in the presence of water.

Both a-Fe O3 and o-FeOOH were treated with methanol under the following
conditions. Tﬁe samples were activated at 400°C overnight followed by methanol
adsorption isotherm measurements at 25°C. The results, Figure 1, show a sharp
inflection, indicating relativelg high energy adsorption for both samples at
levels of 3 to 4 molecules/100 8%, followed by a relatively flat plateau region
up to high relative pressures, indicating low energy adsorption as expected for

a methylated surface. Both samples were subsequently outgassed at 25°C and the
irreggrsibly adsorbed methanol for a-Fe,05 and ®-FeOOH was 2.5 and 3.4 molecules/
100 A®, respectively. A series of water adsorption isotherms were subsequently
measured on both iron oxide samples as a function of activation temperature.

An additional experimental technique was used to chemisorb methanol on a-Fe,03.
The sample was heated to 400°C, exposed to methanol vapor at 70 torr, cooled

in the presence of methanol vapor, and finally outgassed at 25°C. Water ad-
sorption isotherms were then measured on this sample both before and after ex-
posure to water vapor to determine the extent of irreversibility of the methy-
lated surface.

The water adsorption isotherm results as a function of pretreatment con-
ditions are presented in Figures 2 and 3 for a-Fe203 and o-FeOOH, respectively.
Table I summarizes the recent and previously reported water adsorption results
for 1-Fe;07 and 2-FeOOH. As reported previously, the iron oxide samples in
general exhibit a high degree of surface hvdrophilicity angofrequently approach
a close-packed hydroxyl concentration of 10 molecules/100 A°, Activation of
the surface at 400°C has the effect of partially dehydroxylating the surface
and rendering it somewhat more hydrophobic. There is reason to believe, how-
ever, that the surface will slowly rehydroxylate. The HMDS treatment is
somewhat more effective in hydrophobing the surface, and apparently irreversible.
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Table 1

Gas Adsorption Resultson‘a—Fe203 and a-FeOCH

Molecules/100 A2

Activation Irreversibly
Sample Pretreatment Temperature, °C Wa1 Woo Wi %o Adsorbed Water
u-Fe203 None 25 7.8 -— - -—
None 400 8.3 7.1 1.2 2.7
HMDS 25 4.9 4.7 0.2 1.1
HMDS 400 7.5 5.2 2.3 3.7
(1)Methanol 25 2.0 2.4 -0.4 0
(1)Methanol 400 2.6 1.6 1.0. 1.4
(2)Methanol 25 0.6 0.4 0.2 0.3
a-FeOOH None 25 10.0 -— -— —
None 400 5.6 4.0 1.6 1.9
HMDS 25 5.8 6.0 -0.2 0.9
HMDS 400 5.6 4.0 2.6 5.7
(1)Methanol 25 3.2 4.7 -1.5 0
(1)Methanol 400 7.2 - -— 3.7
wm1 - First water adsorption isotherm at 25°C after indicated activation
temperature.
Woi - Second water adsorption isotherm at 25°C after activation at 25°C.

(1)Methanol - Exposure of methanol to sample at 25°C after 400°C activation.

(2)Methanol - Exposure of methanol to sample at 400°C and cooled in presence

of methanol.

The limitation with this treatment is the size of the trimethyvlsilicon group
which is large relative to the hydroxyl, and which limits interaction to only
There is no question, however,
that HMDS and silane-type coupling agents can be used to modifyv the surface of
iron oxides with functional groups which would be capable of specific inter-
actions with protective coatings,

about one out of every three surface hydroxyls.
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Methanol is unique in terms of surface modification because of its rela- ]
tively small size and the fact that it requires an activated surface or acti- 1
vation conditions to undergo chemisorption. The results on both a-Fe,03 and -
a-FeOOH suggest that after activation at 400°C the extent to which the surface .—’
is dehydroxylated will control the extent to which methanol will chemically -
interact with the surface at 25°C to yield one methylated oxygen and one hy-
droxyl per methanol molecule. This method of methanol treatment is identified
as "(l)methanol" in Figures 1 and 2 and Table I where it is observed that this _
methanol treatment is twice as efficient for hydrophobing the surface compared S
to the HMDS treatment. The methanol treatment identified as "(2)methanol' re- d
sulted in exposure of the surface of a—Fe203 to methanol at 400°C and subse-
quent cooling to room temperature in the presence of methanol. This method
has been demonstrated as being much more efficient for hydrophobing the sur-
face as indicated by the surface hydroxyl concentration being less than one
molecule/100 A2 before treatment. Although there is no indication that this
hydrophobed surface will rehydoxylate at 25°C in the presence of water vapor '?
for short periods of time, i.e., 48 hours at 807 relative humidity, it remains ;
to be demonstrated to what extent slow rehydoxylation will occur on the
methylated surface.

CONCLUSIONS

All of the iron oxides which have been investigated, and which have been
identified as corrosion products, are hydrophilic and contain high concentrations
of surface hydroxyls. These surface hydroxyls can be used to interact quanti-
tatively with hydrophobing agents, such as HMDS, and silane coupling agents
containing functional groups which are capable of interacting with protective
coatings for the purpose of promoting adhesion. The efficiency for hydro-
ohobing, however, is limited by the steric factors inherent in these types
of molecules. Methanol, however, has been demonstrated to be very efficient
for hydrophobing a-Fej03 when the exposure occurs under activated conditionms,
i.e., 400°C activation. This technique for hydrophobing iron oxide surfaces
must be pursued further in order to determine the permanent nature of this type
of treatment and how it might be used in conjunction with silane treatments.
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Program #2

Surface Acidity of Ferric Oxides as Studied by Flow Microcalorimetry

Principal Investigator: Frederick M. Fowkes
Prof. of Chemistry

Associates: Sara T. Joslin (Ph.D. awarded)
Mary Jo Kulp, Graduate Student

ABSTRACT

The molar heats of adsorption of nitrogen and oxygen bases from
neutral hydrocarbons onto the surface sites of alpha ferric oxides
have been determined by using a UV concentration detector in series
with a flow microcalorimeter. Since the strongest sites are neutral-
ized first, the distribution of molar heats of adsorption is deter-
mined by their time-dependence. Molar heats of adsorption for
nitrogen and oxygen bases depended very strongly on the amount of
adsorbed moisture, so the development of methods for controlling
moisture levels in the liquids and on the solids of these studies
became an important issue.

The acidic surface FeOH sites were found to be hard acids with
a range of acid strengths. The stronger acid sites had a concentra-
tion of about one micromole per square meter, and their Drago E and
C constants were found (by the heats of adsorption of pyridine, tri-
methylamine and ethyl acetate) to be: C4, = 0.8 £+ 0.2 , and

1
E, = 4.5t 1.1 (kcal/mole)?.

The adsorption of polyvinylpyridine was found to occur quanti-
tatively as a 0.17 solution in benzene flowed through the bed. 687
of the acidic surface sites of the ferric oxide were occupied by the
polymer, as determined by subsequent adsorption of pyridine, and 527
of the pyridine groups of the polymer were bound to the surface.
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INTRODUCTION

Intermolecular interactions such as adsorption have been described as
polar and non-polar, following the principle that polar groups bond to
polar surfaces and that non-polar groups develop "hydrophobic bonds" to
non-polar surfaces; thus we have the o0ld rule that "like bonds to like."
Current studies of polar interactions, however, have found that all polar
interactions are actually Lewis acid-~bace interactions, that all substances
except saturated hydrocarbons are Lewis acids or bases, and that the rule
of polar bonding should actually be "acids bond to bases" [1,2].

Quantitative calorimetric and spectrometric studies of the interactions
of simple organic liquids by Drago and co-workers [3,4] showed that the heats
of mixing of organic liquids (AHy) are entirely predictable as Lewis acid-
base interactions between electron-donors (such as nitrogen, oxygen, sulfur
or pi-electron bases) and electron acceptors (such as the "active'" hydrogens
of alcohols, phenols, carboxyls or of partially halogenated hydrocarbons;
or the non-Bronsted acids such as iodine and the chlorides or alkyls of boron,
aluminum, antimony, etc.). A quantitative correlation of heats of mixing,

AHM = CACB + EAEB ’ (1)

was shown to predict heats of mixing generally to within 0.1-0.2 kcals/mole,
except for situations where steric factors prevent optimum donor-acceptor
bond angles and bond distances.

The adsorption and adhesion of polymers to inorganic substrates has
also been shown to be entirely governed by acid-base interactions between
acidic or basic sites of the polymer and of the inorganic substrate. Basic
polymers include polystyrene, polyesters, polyamides, polyethers, polyamines
and polycarbonates, while acidic polymers include halogenated polyolefins,
polymers of vinyl halides, and polymers with "active'" hydrogens such as poly-
vinylbutyral. The E and C constants for polymers such as polymethylmetha-
crylate (PMMA) are easily measured by infrared spectral shifts [1] and the
E and C constants for inorganic substrates such as silica and titania have
been measured with high surface-area powders by calorimetry or by infrared
spectral shifts [5]. We can therefore predict with precision the heats of
adsorption of polymers per adsorption site on silica and titania, but must
have further information on the number of sites adsorbed to determine the
heats of polymer adsorption per mole of polymer.

The heats of polymer adsorption per site are important parameters for
understanding the conformation of adsorbed polvmers. The heats of acid-base
interaction of polymers with inorganic substrates are often large multiples
of kT per site; for PMMA on silica or titania the heats of adsorption per
site are about -7 kT. As Silberberg [6] has just made clear, such heats of
adsorption cause a large fraction of the adsorbed polymer chains to be in
the adsorbed "trains", and a smaller fraction to be in '"loops' and "tails".
Such conformations are believed to lead to strong adhesive bonding.
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This program is concerned with the principles governing the adhesion of
polymers to the surface of steel, where acid-base interactions determine the
energy of adsorption. Iron oxides can bond to acids or to bases, but this

study is limited to the interactions of basic polymer groups with the acidic ;q‘
FeOH sites. The acid strength of these sites has been determined by measuring
the heats of adsorption of test bases (pyridine, triethylamine, ethyl acetate), - 9

and Drago E and C constants were determined for these sites. Most of the
studies have been done with a commercial alpha iron oxide, but some were also
done with a gamma iron oxide. Much of the effort in these studies concerned - .4
controlling the water content of the oxides, the solvents, and the test bases.

Water is both an acid and a base; it adsorbs as a base onto the acidic FeOH
sites and can very appreciably reduce the acidity. Our concern was not to
make the oxides as dry as possible and thereby maximize their acidity, but to
work with controlled water activities in the dryer part of the range normally
encountered in polymer coating technology. ;]#

The techniaque used in these studies was a novel combination of flow micro- <
calorimetry with a flow concentration detector suggested to us by George )
Salensky of Union Carbide. As a solution of the test base is pumped through
the iron oxide powder bed, the heat of adsorption is measured by thermistors,
and when the solution is pumped on through the flow UV detector, the depletion - j
of base due to adsorption is measured; the combination of these two sensings ',
allows determination of the heat of adsorption of the test base in kcal/mole. '
Furthermore, because dilute solutions of base are pumped through the bed and
the rates of adsorption are fast, the stronger acidic sites are neutralized
first and the weaker last, so that the time-distribution of heats of adsorp-
tion is a good site-distribution of heats of adsorption. An unexpected bonus
of this approach was that after adsorbing polymers onto the oxide we could q!
measure the surface concentration of bare sites directly (with a solution of ;
test base in the same solvent), and thus determine what fraction of the basic L
sites of the polymers was bound to the acidic sites of the ferric oxide.

EXPERIMENTAL

Oxides and Reagents

Most of the experiments were done with a single sample of an alpha ferric
oxide reported to be free of any flocculants or surface-modifiers (R-1299,
Lot E9036, from Charles Pfizer, Inc., Easton, PA) having 9.9 sq.m./g of sur-
. face area by BET analysis of argon adsorption data (courtesy of Vital and
- Micale), and a sulfur concentration of about 0.57 in the surface region, as
determined by ESCA (courtesy of Prof. David W. Dwight of VPI). After labora-
tory techniques were developed on the large batch of commercial alpha ferric
s oxide, a few measurements were made on a small batch of gamma ferric oxide
X svnthesized at Lehigh by T. C. Huang, and which had a BET surface area from
argon adsorption of 68.9 sq.m./g [7].

‘ The principal solvent for these studies was HPLC grade cyclohexane from
Fisher Scientific, but some additional work was done with decalin (mixed
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decahydronaphthalenes) from Aldrich Chemical, with 997 mole purity n-hexane
from Fisher Scientific, with HPLC grade n-heptane from Fisher Scientific

and with Reagent grade benzene from J. T. Baker, distilled before use to
minimize thiophene. Solvents were dried with 8-12 mesh Davison 3-A molecu-
lar sieves (activated for at least one hour under vacuum at 250°C), stored
under Drierite-dried nitrogen, and dispensed through a sealed buret into

HPLC delivery syringes or into adsorption study vials with syringe needles
through septa shields for the vials, so as to eliminate any contact of the
dried solvent or solutions with air. All glassware was oven-dried for at
least 16 hours at 50°C immediately prior to use, and the water content of

the solvents was monitored with an Aquatest IV automatic Karl Fischer titrim-
eter (Photovolt Corp., NY). Solvents were stored over freshly activated
molecular sieves, but not for longer than two weeks, for in that time enough
water entered from the glass to raise the dissolved water content despite the
presence of molecular sieves. Solutions were made fresh daily.

The organic bases used for titration of surface acidity included pyri-
dine (99+7 mole purity, Aldrich Chemical), triethylamine (99 mole 7 from
Aldrich Chemical), ethyl acetate (Certified A.C.S. grade from Fisher Scien-
tific), and poly(2-vinyl pyridine) with M(W) of 92,000 and M(N) of 89,000
supplied by Scientific Polymer Products of Ontario, NY. Measurements were
also made with n-butanol (Certified A.C.S. grade from Fisher Scientific).

Flow Calorimeter

The flow calorimeter (Microscal Ltd., London, U.K.) has a central stain-
less steel block with a long 6 mm. diameter cylindrical cavity in which a
6 mm. deep adsorption bed is enclosed between inlet and outlet tubes. The
two thermistors which project into the bed and the two in the block are in a
Wheatstone bridge circuit which is very sensitive to the bed temperature.
The efficiency of the calorimeter depends on the degree of filling of the bed;
maximum efficiency was found with 150 mg of iron oxide, thus leaving about 120
microliters of pore space in the bed. The unit is operated just like an HPLC
unit (see Figure 1) with syringe pumps for pumping solvent or solution (usually
at 100 microliters per minute) and with two Valco HPLC valves (with loops) for
switching from solvent to solution and back again. The liquid that flowed
through the bed was conveyed directly into a Perkin Elmer LC-75 UV detector
by HPLC Teflon tubing, so that the UV absorbance (and concentration) of sol-
utes could be determined, thereby allowing quantitative measurement of solute
adsorption.

The calorimeter was equipped for evacuation of the bed with a vacuum
pump and liquid nitrogen trap attached through the bed outlet. We attached
a Hastings gauge just upstream of the inlet on a "T" into the Teflon tubing
connecting the Valco valves to the bed, and the pressures measured there
during bed evacuation were a bit higher, but considered indicative of those
attained in the bed. During pump-down of a freshly loaded bed of 150 mg of
alpha ferric oxide, the decrease in pressure at the Hastings gauge is moni-
tored. However, during pump-down we also observed a marked endotherm
sensed by the thermistors, resulting from evaporative cooling of the bed
as traces of adsorbed water evaporate (Figure 2). Reproducibly low moisture
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o) 5 10 min.

Cooling

Figure 2. Evaporative cooling in the microcalorimeter bed

during vacuum pumpdown, used as a measure of the
removal of adsorbed water. Dashed line is for
empty bed and solid line is for a bed of 150 mg
of alpha ferric oxide.
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levels in the bed can be obtained by pump-down through the evaporative cooling
process, and even lower moisture levels can be obtained by pump-down to low
Hastings gage readings. '

Calibration of the heat-sensing system is done with a calibration coil
of fine wire placed in the adsorption bed and attached to an outlet tube (sup-
plied by the manufacturer). The calibration is done by passing known amounts
of electrical energy through the coil in the packed bed while the solvent is
being pumped through the bed at the desired rate.

Typical adsorption exotherms and UV-absorption plots are shown in Figures
3 and 4; these and all others in this paper were determined at 40°C. The UV-
absorption plot compares the absorption of the pyridine solution passing
through the bed of ferric oxide with the absorption of the same solution
passing through an empty bed. The amount of pyridine adsorbed (in moles) is
proportional to the area between the two curves in that time period.

Because of the need to relate the time-dependence of the exotherms and
endotherms observed by the heat-sensors to the time-dependence of the con-
centration-sensor, a laboratory microcomputer became an essential part of the
unit. We chose an MTU-130 from Microtechnology Unlimited (Raleigh, N.C.),
and Douglas Eadline of this laboratory write the data-recording and display
software in CODOS, the machine language of this computer. The data were.re-
corded at two points per second for adsorption exotherms or desorption- endo-
therms of about 1000 seconds' duration, and also for the UV calibration and
absorption measurements; the data were displayed on the screen as stripchart
data by software entitled STRIPCHART. After the experiments were completed,
the data were analyzed with a light-pen operated program (DATAPENCIL-2, written
in BASIC); this included base-line selection, integration, and '"time-slicing"
of both the thermal and UV data so that the time-dependence »~f molar heats of
adsorption could be determined.

Adsorption Isotherms

The adsorption of pyridine onto the R-1299 alpha ferric oxide was
studied in several hydrocarbon solvents and at several temperatures, using
tightly sealed vials containing 10 ml of solution and 0.8 to 3.0 g of
powder which were shaken in a water bath for three days to reach equilibrium.
Supernatant solutions were diluted into a range where Beer's Law held for the
UV absorption at 252 nm, using an Hitachi UV Spectrophotometer.

EXPERIMENTAL RESULTS AND DISCUSSION

Importance of Moisture Control in Adsorption on Ferric Oxides

Exploration of the importance of moisture content and development of
procedures to control moisture content of the flow system, oxide and solutions
was done largely with pyridine and with n-butanol solutions in cyclohexane.
Butanol, like water, is both a base and an acid and it, too, is self-associ-
ated; it can adsorb on the acidic FeOH sites of ferric oxide and it can also
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adsorb onto adsorbed layers of water as well. Pyridine is much more basic
than butanol and has little acidity or self-association. Pyridine adsorbs
strongly onto acidic sites, but it can interact rather strongly with water,
especially with adsorbed water which has been rendered more acidic by having
its oxygens bonded to acidic sites. The Drago E and C constants for the
acidity of water (3] show that its heat of mixing with pyridine is -5.0 kcal/
mole. Thus, if all of the ferric oxide surface were water-covered, the ob-
served heat of adsorption of pyridine should be close to the above value.

A series of heats of adsorption (in ergs/sq.cm:) were made with 0.27
solutions of n-butanol in n-heptane as a function of degrees of dryness, and
the results are compared with published values. When the undried oxide was
loaded into the adsorption bed in a slurry of undried heptane (having about
50 ppm of water), the heat of adsorption was high, 139 ergs/sq.cm., which
compared well with the 146 ergs/sq.cm. determined with undried ferric oxide
[8]. Drying the oxide by dry-loading with subsequent pumping-down of the
bed dropped the measured heat to 114 ergs/sq.cm., a decrease similar to the
113 ergs/sq.cm. which Groszek[9] reported when his n-heptane was dried in a
silca gel column. Partial drying of the n-heptane (to 20 ppm of water) and
the pumping-off of moisture with a vacuum pump with liquid nitrogen trap re-
duced the heat of adsorption all the way to about 50 ergs/sq.cm. More
heroic drying procedures led to much higher heats of adsorption; 206 and 198
ergs/sq.cm., much like those reported by Heal and McEwen [10] after overnight
evacuation. These higher heats were obtained by better drying of the n-
heptane (to 3 ppm and to 5 ppm), and by flowing this dry liquid through the
bed for two hours after vacuum-drying of the oxide (with liquid nitrogen
trap). )

We conclude that reliable calorimetric results in agreement with the
literature can be obtained at any chosen degree of dryness, but that low water
contents of the liquids and of the adsorption bed are necessary to determine
the real nature of the oxide. This conclusion may be illustrated with flow
calorimetric heats of adsorption of pyridine on the R-1299 ferric oxide from
3 mM solutions in cyclohexane having a range of water contents (Table I).

Table I

Effect of Solvent Water Content on Heats of Adsorption
onto R-1299 Ferric Oxide of Pyridine from 3 mM Solution
in Cyclohexane

ppm Water Contact Time Micromoles/sq.m. kcal/mole
4 120 min 1.42 -12.1
8 120 1.84 -6.5
16 120 1.71 -4.6
-30-
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We chose the following procedure to insure reproducibly dry liquids and S
powder beds. It was found unnecessary to first dry the powder in a vacuum ..
oven, for too much moisture was picked up during transfer through the air =
into the bed. The as-received powder was dry-loaded into the bed and evacu-
ated at 40°C with vacuum pump and liquid nitrogen trap for 5-10 minutes
(when the Hastings gage reached about 5 torr), and then the solvent, dried
to the required degree of water-saturation (usually 107 or less), was pumped

. .t
Ala A

through the bed for two hours at a flow rate of 6 ml/hr. This procedure e
insured that the oxide bed and the solvent had a controlled degree of water ;;:
saturation. 1

Heats of Adsorption of Pyridine on Ferric Oxides

Figure 3 shows a typical adsorption exotherm and ultraviolet absorption -i£
plot for a 25 mM solution of pyridine in cyclohexane containing 20 ppm of :
dissolved water as it flows through the 150 mg bed of ferric oxide in the |
flow microcalorimeter. At these higher pyridine concentrations, the adsorp- -
tion is complete in about eight minutes, as evidenced by the return of the
exotherm nearly to the base-line, and the close approach of the pyridine

concentration to the calibration value. The bottom plot of Figure 3 shows -
the rate of adsorption and the incremental values of the heat of adsorption -
as a function of elapsed time, determined by time-slicing the integrated :
areas of the upper plots. About eight bed-volumes of solution flow through ,
the bed during the exotherm and after the first hundred seconds most of the }j
pyridine flowing through is unadsorbed; therefore, it is proposed that the :
distribution of heats of adsorption versus time is a good representation of ]i
the distribution of equilibrium heats of adsorption. ]

. '
Acd

An adsorption exotherm and UV absorption plot for a more dilute pyridine -
solution, 3.2 mM in cyclohexane with 8 ppm of dissolved water, are shown in
Figure 4. Even though this run extended twice. as long as the run of Figure 3,
only about 0.7 micromoles per square meter were adsorbed as compared to the
2.8 of Figure 3. This comparison illustrates the marked concentration-depen-
dence of rates of adsorption. It should also be noticed that the exotherm of
Figure 4 did not return as close to the base-line as in Figure 3, nor did the
concentration of pyridine flowing from the bed return as close to the cali-
bration value as in Figure 3. At first glance it appears that the exotherm
has established a higher base-line, but the heats of adsorption calculated with
a flat base-line are seen to decrease in the same manner as those of Figure 3.

v
arans

.‘.,.

)

PP SR L SR

In Figure 5 the heats of adsorption as a function of coverage are shown
for the two runs of Figures 3 and 4. The 3.2 mM solution averages about -14
kcal/mole over the range 0-0.7 micromoles per square meter, whereas the 25 mM
solution averages about -12 kcal/mole over the same range; this is attributed
to their water contents (8 ppm vs. 20, respectively). The average heat of
adsorption of pyridine from the 25 mM solution over the whole range (0-2.8
micromoles/m2) is found to be -7.5 kcals/mole.

Similar runs have been made with a wide range of pyridine concentratiomns,
shown in Table II. The water content of these solutions was 10-20 ppm. The
decline of heats of adsorption with coverage results simply from the larger
number of sites sensed by the higher pyridine concentrations, as illustrated
in Figure 5 and discussed in the preceding paragraph.
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Figure 5. Comparison of differential heats of adsorption of pvridine adsorb-
ing from a 3.2 mM solution in cyclohexene with 8 ppm water (A),
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Table II

Total Amounts Adsorbed and Total Integral Heats of Adsorption -
of Pyridine onto R-1299 Alpha Ferric Oxide vs. Concentration 7!?
of Pyridine in Cyclohexane <y

(20-30 min, 40°C, 10-20 ppm water)

was determined at two temperatures (see the Langmuir plots of Figure 6) and
. by using the temperature-coefficient of the equilibrium constant K. deter-

mined from those isotherms, the heat of adsorption can be determined with -
the van't Hoff equation, as was done previously [l1]. 1In these studies the ?g?
pyridine concentration varied from 2 to 30 mM, and the amount of oxide K
equilibrated with each solution was chosen so that 307 to 607 of the pyr-
idine was adsorbed. Consequently the vials contained such a high ratio of
oxide surface to water content of the solvent (19 to 35 ppm) that even if

[ all the water adsorbed onto the oxide, it could provide less than 107 of a
monolayer, and could not affect the results significantly. The results
obtained at 28 and 48°C (shown in Figure 6), predict a heat of adsorption
of -7.2 kcal/mole. This heat should be compared to the integral heat at
the same coverage, which would be about the mid-point of the concentration -
range shown in Table II, or -7.0 kcal/mole. This perfect agreement between ]

¢ calorimetric heats of adsorption by flow microcalorimetry and the heats of )
adsorption determined by the van't Hoff equation (using the temperature-
coefficient of adsorption isotherms), is helpful in demonstrating the
significance of these flow microcalorimetric results.

, Pyridine Conc. Amount Adsorbed Area per Molecule Heats of Adsorption :iﬂ
[ (mM/liter (micromoles/sq.m.) (sq. nm.) (kcals/mole) RN
N o
3.6 1.42 1.17 -12.1 : J
F 10.4 1.61 1.03 -12.0 i1

10.4 1.73 0.96 -11.9 )

16.9 3.19 0.52 -7.0

23.5 3.02 0.55 -6.5 I

) - 4
¢ 23.5 3.19 0.52 -6.8 9
| 29.5 3.69 0.45 -6.45 :
2 30.3 3.77 0.44 -5.95
35.0 4.15 0.40 ~5.75 ]

B |

A

Adsorption of pyridine onto the same oxide and from the same solvent o~

S

A gamma ferric oxide prepared at Lehigh by T. C. Huang [7] was also in-
vestigated for pyridine adsorption from cyclohexane. This oxide had been -
prepared by oxidation of a pure laboratory preparation of magnetite, and was
then ball-milled, suspended and rinsed with conductivity water until the sol
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Figure 6. Langmuir adsorption isotherm plots for pyridine adsorption from
cyclohexane onto alpha ferric oxide. The temperature-dependence
of the vertical displacement of these lines is used to calculate
heats of adsorption.
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sol had a final conductance of 2.6 micro-mhos/cm. This sample had an excellent

match of X-ray d-spacings to the literature, and it had a BET surface area of
68.9 sq.m./g., determined by argon adsorption. Table III shows the time-sliced
heats of adsorption obtained on this oxide with flow microcalorimetry, using a
9.78 mM solution of pyridine in cyclohexane, and with the standard five-

minute pumpdown of the bed in order to reach the same degree of dryness used

in the alpha ferric oxide studies. This oxide had a much higher surface area
than the alpha oxide, and the bed may therefore have had smaller pores; it is
seen that the rate and amount of pyridine adsorbed was distinctly less than
with the coarser 10 sq.m./g. alpha oxide. The heats of adsorption are seen
also to be less at the same calculated average coverage, suggesting that with
this highly porous sample there was more channeling and less uniform adsorption
than with the coarser oxide.

Table III

Time-Sliced Heats of Adsorption of Pyridine
(9.8 mM in Cyclohexane) onto Gamma Iron Oxide

Time . Amount Adsorbed Heat of Adsorption (kcal/mole)
(sec) (micromoles/sq.m.) Differential Integral

60 0.010 -19.9 -19.9

120 0.065 -10.6 -11.9

180 0.127 -8.5 -10.2

240 0.184 -7.5 -9.4

300 0.232 -7.4 -9.0

730 0.499 -5.1 ~-6.9
1420 0.686 -4.0 -6.1

Determination of the Drago E and C Constants of Ferric Oxide

In previous studies with silica and titania [2,5], it was shown that
basic adsorbates interact with the acidic surface sites much as they do with
the acid sites of small molecules, and that heats of adsorption of bases onto
acidic surfaces obey the Drago correlation of Eqn. (l1). By measuring the
heats of adsorption of these solids with bases of different C/E ratios, the
E and C parameters of the acidic surface sites were determined: for silica,
Cpo =1.16 £ 0.02 and Ey = 4.3 £ 0.1; and for titania, C4, = 1.02 * 0.03 and
Ey = 5.7 £ 0.2 (kcal/molefi These earlier heats of adsorption were deter-
mined by two different techniques, calorimetric and spectrometric. A Tronac
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calorimeter was used with a stirred suspension of powder which was titrated
with solutions of bases in neutral hvdrocarbons to provide very accurate
heat measurements; after the heat of adsorption ias generated the concentra-
tion of residual base was determined by UV absorption.- Heats of adsorption
were also determined by the shift of carbonyl infrared absorption peaks

upon adsorption of esters and ketones. Both methods gave identical E and C
constants for silica.

In these flow microcalorimetric studies we used three bases of appreci-
ably different C/E ratios so that C and E constants could be accurately
determined. Pyridine, triethylamine and ethyl acetate were chosen as the
test bases for microcalorimetric heats of adsorption studies on the R-1299
ferric oxide equilibrated with cyclohexane having 10-20 ppm of water. All
three bases absorb in the UV region well enough to be monitored with the UV
detector in the same manner as pyridine. Figure 7 compares the integral dif-
ferential heats of adsorption of the three bases as a function of the surface
concentration of sites neutralized. The integral heats were used because of
their greater accuracy and because integral heats were used in the earlier
studies with silica and titania.

The E and C constants for the acidic surface sites of the R-1299 alpha
ferric oride can be determined from the heats of adsorption c¢f the three
bases. We have chosen to use the integral heats of adsorption at 1.l micro-
moles per square meter (-14.2, -10.0 and -6.5 kcal/mole for ethylamine,
pyridine and ethyl acetate, respectively) and to determine the E and C param-
eters for these stronger acidic sites of ferric oxide by a graphical technique
(Figure 8). This "E and C plot" is based on a rearrangement of Eqn. (1):

As can be seen in Figure 8, the heat of adsorption of each base gives a
straight line of slope C/E, and the intersection of lines gives the E and

C constants for the acidic surface sites. The line for triethylamine is

the steepest (C/E = 11.1), the line for ethyl acetate is the flattest (C/E =
1.78), while the pyridine line falls in between (C/E = 5.47). The average
intersection of these three lines gives the Drago E and C parameters for the
stronger FeOH sites of alpha ferric oxide:

CA = 0.8 £ 0.2 and EA = 4,5+ 1.1

As can be seen in Figure 7, these ouxide have a wide distribution of heats of
adsorption, so either lower or higher E and C constants could be obtained,
depending at what surface coverage we choose for the comparison. The stronger
acid sites of the plateau regions of Figure 7 are somewhat less acidic than
either the SiOH or TiOH sites, but their C/E ratio (0.18) is rather like those
of the TiOH sites (0.18), rather than the SiOH sites (0.27). The C/E ratio

is used as a measure of "softness'” or "hardness" of acids or bases. Softness
is characteristic of high _..larizability; soft acids include iodine (C/E =
1.00) and antimony pentachloride (C/E = 0.70). The hydrogen acids are much
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Figure 7. The distribution of the integral heats of adsorption of three bases -
on alpha ferric oxide, determined by 'time-slicing' adsorption exo-
therms and the corresponding UV adsorption traces. Triethylamine
(O), pyridine (Q), and ethyl acetate (A&). All concentrations
25 mM and water contents 13-20 ppm.
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Figure 8. Graphical determination of the E and C parameters for
the acidic FeOH sites of alpha ferric oxide, using the
heats of adsorption of the plateaus of Figure 6, and
the principle of Eqn. (3). The average intersection
(O) predicts C = 0.73 and E = 4.6 for these FeOH sites.
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less polarjzable: examples are phenol (C/E = 0.10), butanol (0.15), and
thiphenol (0.20). It is therefore reasonable that FeOH sites have a C/E
ratio in this range, and not a higher value such as that estimated in our
earlier work with magnetite powders [11]. .ol

Effect of Solvent on Heats of Adsorption

The adsorption of pyridine onto the R-1299 alpha ferric oxide was measured
in four solvents: n-hexane, cyclohexane, decalin, and benzene. The Langmuir-
type adsorption isotherms obtained with saturated solvents, shown in Figure 9,
all have the same slope. That means the site area for adsorbed pyridine is not
affected by the differences in solubility parameter or the differences in work
of adhesion of these saturated solvents. The heats of adsorption of pyridine
from these three saturated solvents were found identical by flow microcalor-
imetry (Table 1IV).

Table IV

Effect of Carrier Solvent on Heat of Adsorption of Pyridine "i
onto R-1299 Alpha Ferric Oxide =

Solvent Water Pyridine Area/Molecule Heat of Adsorption o
(ppm) (mM/liter) (sq. nm.) millical/sq.m. kcal/mole o

Hexane 8 29.2 0.48 23.5 -6.8
28.8 0.40 20.5 -5.5

Cyclohexane 6 29.5 0.45 23.8 -6.45
3 30.3 0.44 22.5 -5.95

Decalin 1 30.5 0.45 24,7 -6.7
4 29.8 0.42 20.7 -5.3

LL_.J‘_;-;‘;_'.AL.

b

[ The case of benzene is quite different, however, for its pi-electrons

- provide sufficient basicity fer it to compete against pyridine for the FeOH
;‘ sites, and this results in weaker pyridine adsorption and in lower surface

h concentrations of adsorbed pyridine. The site area per pyridine molecule was
Y 0.97 sq. nm. in benzene as compared to 0.40 sq. nm. in saturated hydrocarbons,
f; and the integral heat of adsorption by flow microcalorimetry at this coverage
- was -6.4 kcal/mole in benzene versus -9.5 kcal/mole in cyclohexane. If we use
3 the E and C constants for benzene [3], together with those determined for
ferric oxide in this work, the heat of benzene adsorption is predicted to be
-2.6 kcal/mole, in good agreement with the observed difference of -3.1 kcal/
- mole for the adsorption of pyridine from saturated hydrocarbon solvents versus
adsorption from benzene.
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Figure 9. Langmuir plots for the adsorption of pyridine at 28°C
onto alpha ferric oxide from hexane (O0), from cyclo-
hexane (A), and from decahydronaphthalene (Q).
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Adsorption of Polyvinylpyridine from Benzene onto Ferric Oxide

Flow microcalorimetry studies were made of the adsorption of a 90,000 MW
polyvinylpyridine from benzene onto the R-1299 alpha ferric oxide. All of
the previously described precautions for drying the solvent, the adsorbate
and the adsorbent were followed rigorously. The bed contained the usual 150
mg of oxide and the concentration of polymer in the incoming stream of the
flow calorimeter was 0.17. The concentration of polymer in the outflowing
stream was determined by UV absorption at 285 nm, where Beer's Law was found
to hold.

The UV sensor indicated that the adsorption was rapid, and that satura-
tion of the bed (9.36 micromoles of repeat units on 1.5 sq. m. of oxide
surface) was reached in six minutes. However, the heat sensor showed evolu-
tion of heat for twenty-five minutes, for a total of 28 millicalories. Evi-
dently the polymer molecules take some time to reach the configurations
which maximize interaction with the surface.

After the polymer was completely equilibrated on the oxide surface, we
probed the amount of bare surface by pumping through the bed a 30 mM solution
of pyridine in benzene; 8.05 millicalories were evolved as 1.32 micromoles of
pyridine were adsorbed. This amounted to a heat of adsorption of -6.1 kcal/
mole, a little less than the -6.5 kcal/mole found on a bare surface. By using
the previously determined surface concentration of pyridine adsorbed from
benzene, the number of 0.40 sq. nm. acidic sites blocked by the polymer could
be determined, and from this information we find that an average of 527 of
the polymer repeat units were bonded to the surface, with a heat of adsorption
per mole of repeat units of -5.7 kcal/mole. This slightly lower heat of
adsorption for pyridine groups in the polymer as compared to ordinary pyridine
(-6.4 kcal/mole) could result from steric limitations. The high percentage of
repeat units bound to the surface is not too surprising when the energy of
bonding per repeat unit is this strong (-9 kT).

CONCLUSIONS

1. The FeOH surface sites of ferric oxides are acidic and adsorb nitrogen

and oxygen bases with appreciable heats of adsorption, which can be quanti-
tatively correlated and predicted with the Drago E and C equation.

2. The measured heats of adsorption of test bases of different C/E
ratios predict that the stronger acidic surface sites have the following Drago
constants: Cp = 0.8 £0.2, and Ej = 4.5 ¢ 1.1 (kcal/mole) 2. These constants
are similar to those already measured for the SiOH sites of silica and the
TiOH sites of titania, all of which are hard acid sites similar to, but about
twice as strongly acidic as, alcohol groups.

3. Polyvinylpyridine adsorbed rapidly onto ferric oxide from a dilute
solution in benzene, with 527 of the repeat units bonded to acid sites, and
with a heat of adsorption of -9 kT per site.
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4., TFlow calorimetry with a UV solute-concentration detector downstream
of the calorimeter bed can give accurate distributions of heats of adsorption.

5. Moisture levels of solvents, solutes and adsorbents strongly influence
heats of adsorption. In the flow microcalorimeter, control of the moisture
levels was attained by pumping down with a vacuum pump with liquid nitrogen
trap while monitoring evaporative cooling and pressure of the bed. Karl
Fischer analyses of water contents of solvents and solutions were necessary
to achieve proper dryness.

6. A laboratory microcomputer to collect and correlate heat and concen-
tration sensors was an important part of this project.
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INTRODUCTION

Metals exposed to ambient atmosphere are readily oxidized and in the
presence of moisture the outer surface of the metal oxide is hydrated [1-3].
Bolger and Michaels [4] have proposed that polymer coatings bond to metal
surfaces via hydrogen bonding of polar groups in the polymer with the hydroxyls
present on the hydrated metal oxide surface. Fowkes [5,6] has shown that the
strength of adhesive bonds between a polymer and a filler (an oxide such as
silica) can be correlated with the relative acidic or basic strength of the polymer,
filler and solvent. If the bonding of polymer coatings to metal surfaces is
indeed by hydrogen bonding, it should be possible to predict not only the relative
streno~hs of the bonding between different coatings and metal surfaces but also
the stability of the coating in the presence of water at different values of pH.

The surface hydroxyl (-MOH) interaction with an organic acid (HXR) and
an organic base (XR) can be depicted as follows

H
- 4+
ORGANIC ACID -MOH + HXR=—-MO-‘‘-HXR=— -MOH7XR (1)

=4
® ORGANIC BASE -MOH + XR =—=-MOH-‘‘:XR =—=-MOHXR (2)
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In these reactions, X is an oxygen, sulfur or nitrogen atom. The bond
energy increases as the equilibrium shifts to the right and the bond becomes
more ionic. Maximum strength of the bond between an organic coating and
metal surface would then be obtained when the surface hydroxyl acts as a
strong base and the polar group as a strong acid or when the surface hydroxyl
acts as a strong acid and the polar group as a strong base.

Water can displace or interrupt hydrogen bonds according to the following
interactions

H H
-MO---HXR + 2H50 -MO:-*HOH + Hp0 HXR (3)
-MOH---XR + 2H)O=——=-MOH---OHp + HOH---XR (4)

Poor adhesion of a polymer to a metal surface would be expected if the water,
acting either as a base or as an acid, forms a stronger hydrogen bond with
the surface hydroxyl or with the polar groups in the polymer than the hydrogen
bond between the polar group and the surface hydroxyl.

The pH of water at the interface is also expected to interfere with the
hydrogen bonding between the polar group in the polymer and the surface hydroxyl.

+ wt OH~ '
MOH + HXR =—=< MO:*-*H-*XR == MO~ + HOH + XR (5)
+ H+ H OH" B
MOH, + HXR =—=< M-0-:H.-XR=—= MOH + HOH + XR (6)

The range of pH over which the coating would be expected to be stable is a function
of the effective pK; of the surface hydroxyls and the pK, of the polar groups in
the polymer.

The acid/base properties of polar groups that are typically present in polymer
coatings are relatively well known. Acid/base properties of metal oxides have
also been studied extensively for oxides in the form of high surface area powders.
Less well known, however, is the nature of the hydrated oxide surface on flat
metal surfaces that are usually coated for corrosion protection. The goal of
our research was to determine the number and acid/base strength of hydroxyls
present on oxidized metal surfaces. Based on the results of this study it may be
possible to predict the relative stabilities of different coatings on different
metal surfaces in the presence of water as a function of pH.
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BACKGROUND

We have proposed that the presence and concentration of surface hydroxyls
on oxidized metal surfaces can be determined directly by X-ray photoelectron
spectroscopy, and that the acid/base properties of these hydroxyls can be deter-
mined by following the exchange of K' with the hydrated surfaces as a function
of pH. The following considerations of surface/solution equilibria are the basis
on which the acid/base properties of hydrated oxide surfaces were determined.
The hydrated metal oxide on iron for example, when exposed to aqueous solutions,
would be expected to behave as a function of pH in the following manner

N [-FeOH ]
Low pH -FeOH + Ht —— -FeOH; ; K| = (7)
[-FeOH] (HY]
High pH -FeOH + OH™ I—= -Fe0~ +4 Hy0 (8)
[-Fe0™] [HY]
or -FeOH —= -Fe0~ + H* ; Ky = ——————
[-FeOH]

Note that Kj) = K5 when the surface hdyroxyl is acting as a base and Ky = K,
when it is acting as an acid,.

These equilibria have been established for metal oxide powders from measurements
of electrophoretic mobility as a function of pH. The pH at which oxide particles
do not move in either direction in an applied field is known as the isoelectric
point and is a measure of surface acid/base properties. Although electrophoretic
mobility measurements are not applicable for low surface area metal surfaces, the
equilibria given above can be used to determine the acid/base character of the
hydrated oxide on metal surfaces by following the adsorption of anions on the
-Feoﬂ§ surface at low values of pH and adsorption of cations on the -FeO~ surface
at high values of pH. The following example is considered for cation exchange
with the hydrogen of the surface hydroxyl on hydrated iron oxide as a function
of pH. Similar arguments apply for the adsorption of anions.

_ [-Fe0™] [HT]

. = (9)
; K2 [-FeOH]

-FeOH =—= -Fe0~ + Ht

1
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[-Fe0o™M*]

K= —m 10
[-Fe0™ ] [MF] (10)

-FeO~ + Mt T— -FeO™MT 3

At any value of pH the sum of the surface hdyroxyls, ionized hydroxyls and

hydroxyls for which hydrogen on the hydroxyl has been exchanged with M* is
equal to the total number of hydroxyls originally present on the surface,
N, (sites/m?).

[-FeOH] . + [-FeO~] + [-Feo~Mt] = No (sites/m?) (11)

In the presence of excess cations, the ionized surface hydroxyls are all
assumed to be exchanged, [-Fe0O™M¥] >> [FeO~].

N, = [-FeOH] + [-FeO™M"] ) (12)
T
[-Fe0~] [HY] [-Feo~M*] (0] (13)
Ky = ——— =
[-FeOH] [-FeOH] -
-
For convenience, the fraction, 6, of the total available hyroxyls which have ff}
undergone exchange, i.e., coverage, is defined by the following: '_:
o o lfFe0nM] (14)
No

Using this definition of the fraction of exchange, 6 , in Eqn. (12) and,
substituting the result into Eqn. (13), gives the following result.

8 R

pi = pKy - log 1-96 (15) Zﬂ

In this equation, pH = -log [H'] and pK; = -log Kp. The pKp of the hydroxyls _;!
can thus be obtained by plotting, 8 , as a function of pH. The pH at which this "?:
fraction equals 0.5 (i.e., 9 = 0.5) is the pKp of -FeOH. Similar experiments -
using anions would give the pKj of FeOHf for the equilibrium shown in Eqn. (7). o
AES and XPS were used to measure the coverage, 6 , of Kt after exposure of these i
metals to solutions containing Kt at different values of pH. ©
_.
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" EXPERIMENTAL -]
"4

e Titanium and iron surfaces were chosen for study not only because of their L
[ practical importance, but also because their acid/base properties were expected e
to be different owing to differences in charge/radius ration of the Tit4 and ]

- Fet3 ions present in the respective oxides. The iron and titanium used in 1

these experiments were obtained from Metron, Inc., Allamunchy, N.J. The iron
was 99.99+7% pure and the titanium was high purity with iron at 0.2 weight

percent as the major impurity. The rough cut iron and titanium metal surfaces —
were mechanically polished (both faces) to a final finish with 0.3 um alumina ?‘?
grit. Once polished, the specimens were rinsed with distilled water and o]
fried with 100% ethyl alcohol.

The substrates were hydrogen annealed then subsequently "wet'" oxidized in
a quartz glass tube furnace. The tube furnace was purged for 2 hours with
flowing zero-grade argon. The temperature was then raised to 600°C and 8 to
127 Hp was added to the argon flow. Iron wool was placed in the quartz tube
between the gas source and the specimens to remove oxygen from the annealing
gas. A charcoal/zeolite trap in the gas line was used to remove water vapour
and hydrocarbons from the gases. The annealing process lasted one hour. The
specimens were then cooled under the flowing Hy/Ar mixture. The Hy was cut-off ‘.ﬂ
and the Ar flow (0.25 ¢ /min.) was diverted through a water bubbler containing SRR
high purity water. The iron wool was moved out of the heated zone and the -
specimens were then oxidized for 24 hours at 200°C in the saturated water vapor. )

Potassium ion was chosen for the exchange experiments because it does not

hydrolyze over wide range of pH and potassium has a relatively high sensitivity -
for AES and XPS analysis. Solutions with the desired pH were prepared by =
adjusting the pH of a stock solution of 0.03 M solution of KOH with HNO3. Ultra
pure KOH obtained from Alfa Products was used in these-experiments. The major ;
impurities were 30 ppm sodium and 0.3 ppm calcium. All glassware used in .
preparing the solutions was cleaned with a 50/50 mixture of concentrated '
HNO3/H9S0y. J
S -‘

The water used to prepare the potassium ions solutions was found to be a
major source of "organic'" contamination in the initial experiments. To minimize
the "organic" contaminants, distilled water was further distilled in a quartz
glass still which was continuously being purged with zero grade nitrogen.

° Further reduction of "organics' was accomplished by UV oxidation using a
r Barnstead Organic Pure system.

Pp—

-

Specimens were immersed in the potassium hydroxide solutions for 300 seconds
which was long enough for complete ion exchange [8,9] and short enough for

minimal dissolution of the surface oxide [10]. Absolute ethyl alcohol was used :21

® for rinsing the specimens after removal from the potassium hvdroxide solutionms. ‘!
The acid strength of ethanol is believed to be too low to disturb the equilibrium ]
concentration of the potassium on the specimen surfaces. _

‘1

1
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Six specimens were used in each experiment for each value of solution pH.
Four of these speicmens were ion exchanged, while the other two were used as
controls. One control, referred to as the "water blank", was immersed in
20 milliliters of the water used to prepare the potassium hydroxide solution.
This specimen was then rinsed with ethanol. The other control specimen
designated at the 'tube blank" was taken directly from the tube furnace and
exposed to the ambient atmosphere for a time equal to that of all other
specimens. Surface analysis of these control specimens was used to determine
possible contamination sources.

EXPERIMENTAL RESULTS

Typical XPS spectra taken of specimens after preparation of the hydrated
oxide surfaces, after immersion in distilled water and after immersion in
potassium containing solutions at pH are shown in Figures 1 and 2 for irom and
titanium, respectively. These spectra show the expected oxygen and oxidized
metal peaks and, for the specimens that were immersed in the potassium solution,
the expected potassium peaks. In addition, carbon and sodium were found.
Comparison of the spectra shows that the carbon peak intensity was lowest
on the as-prepared specimens. The carbon peak intensity increased slightly
after immersion in either distilled water or in the potassium-containing
solutions. Sodium, on the other hand, was present on the as-prepared specimens,
and the amount of sodium remained essentially constant after further treatments.

A typical high resolution carbon (ls) spectrum is shown in Figure 3 which
has been resolved into three components. The most intense peak at 284.5 eV is
attributed to carbon in -CHy-CHyp-CHp- and the peaks at 285.9 eV and 288.2 eV
are oxidized carbon. The carbon (ls) binding energies of different oxygenated
carbon that may be present in the organic contamination are shown in Table I.
Unequivocal identification of the specific organic compound{s) that is present
on these specimens is not possible. The carbon spectrum, however, does indicate
that the organic compound(s) contains polar groups. The polar groups can account
for the propensity of the adsorption of organic contamination observed on the
hydrated oxides of the iron and titanium specimens after exposure to the
atmosphere and to the solutions used in this study.

Figures 4 and 5 show high resolution oxygen (ls) spectra for iron and
titanium specimens, respectively. These spectra show at least three resolved
peaks at 529.9 eV, 531.5 eV and 532.8 eV. The most intense peak at 529.9 eV
is attributed to the oxygen in the metal oxide, the lower intemsity peak at
531.5 eV is believed to be the oxygen in a surface hydroxvl, and the relatively
small peak at 532.8 eV can be attributed to adsorbed molecular water and/or to
the oxygen present in the organic contamination. These assignments for the
oxygen (1s) components observed for the iron specimen are in agreement with
those reported for studies of the oxidation of iron in water vapor [l,9]. A
similar assignment can be made for the oxygen (ls) components found on the
titanium specimen. The intensities of the hydroxyl and molecular water peaks
were found to increase relative to the oxide peak as the angle between the
analyzer and the surface normal was increased. This result is direct evidence
that the hydroxyls and molecular water are present on the outermost part of
the specimen surfaces.
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Figure 1. XPS survey scans of iron specimens: (a) after
preparation, (b) after immersion in distilled
water, (c) after potassium ion exchange.

-50-

e NS T o
FU O WO ) O SO WY -

) S ata - C. PR
a 4 e ai_a La._aa 2, a ot anlotinds



-y salinv e aan sk Ban it Snn Bl ACTURMr Al R o R
g - v A N LBa ek an aaar S I O g d g At A A RS AL RN LWL - N »
LBty v e aod Aanc -k e B AT G T i Padiiat Sl

9

Cc1s) b

g Na(Auger) )
wo \ ﬂ
N e "

d
|

Na(Auger)

"o
e

K (2p)
(2p #
\pl—‘c {1s) :

Wl L, 1

x10

Na (Auger)

4
Ti (2p) q

,'V;E M .
. .-
1y

3 Binding Energy (aV) 3
i i
4 4
;

r’ Figure 2. XPS survey scans of titanium specimens: (a) 1
O after preparation, (b) after immersion in -
E‘s distilled water, (c) after potassium ion R
= exchange. |
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Figure 3. Typical C(ls) photoelectron spectrum of
specimen surface.
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Table I

......

Comparison of C(1ls) Binding Energies of Carbon
Contamination on Zron and Titanium Specimens
C(1s) Binding Energies of Different Organic

Functional Groups [11].

Experimental Binding

Functional Group

Reported Binding

Energy (eV) Energy (eV) (86)

284.6 -, 284.6
Titanium 286.1 P 2862
Iron  285.9 L 286.1
-, ~0-CH- ,

O .
Fola - 286.2
Titanium 288.6 5 s
Iron  288.2 L0 .
& 288.8
2- )

b

~¢oow 288.7

Vo e e
PR T
et
ST
* TR
P2 PP S

Binding Energies Referenced to (-éhz—) Carbon(ls), 284.6 ev.
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Curve resolved 0(ls) photoelectron spectrum
showing the oxide, hydroxy. and adsorbed
water peaks on an iron specimen. Angle

between analyzer and surface normal was 75
degrees.
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Figure 5. Curve resolved O(ls) photoelectron spectrum
showing the oxide, hydroxy, and adsorbed
water peaks on a titanium specimen. Angle
between analyzer and surface normal was 75
degrees.
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Estimates of the surface concentrations of hydroxyls were made on the
basis of a method proposed by Dreiling [15]. The following analytical. express-
ion was used to make these estimates.

. IOH[exp(-Z/)\O cosf)]

OH ~ I, [T-exp(-ZX, cos6)] t Xp? (16)

"
In this expression, X, is the number of hydroxyls/mnm“, Xy is the number of
oxygen/nm3 in the bulk oxide, Z is the thickness of the hydroxyl layer, © is
the angle between the syrface normal and the analyzer, Ap is the mean escape
depth for the oxygen (ls) photoelectrons, Iy, and I, are the hydroxyl and oxide
signal intensities, respectively. For both the titanium and iron specimens 6
is 75°. A value for the mean escape depth of oxygen (ls) photoelectrons of
Ao= 1.1 nm was used for both specimens. The thickness of the hydroxy13layer
was taken as 0.27 nm. For Fe;03 the bulk density of oxygen is 59.3/nm, and for
TiO the bulk density of oxygen is 63.7/nm~ . Using these values and the
measured relative intensities of the oxygen (ls) photoelectron signals from the
hydroxyl and oxide, the hydroxyl concentration of the iron specimen was found
to be 2.6/nm? and for titanium specimens the concentration was 4.3/nmZ . These
values are in reasonable agreement with those reported for high surface area
oxides [16,17].

e

Since it was shown earlier that the organic compound(s) present on the
specimens contained oxygen, the possible overlap of this organic oxygen with
that of the hydroxyl and/or molecular water spectrum was considered.. The
binding energies of oxygen (ls) in several organic functional groups are

i
summarized in Table II. It is apparent that the oxygen peak from the organic ’?
contamination does not overlap the oxygen peak from the hydroxyls. The oxygen ]
(ls) binding energies in functional groups of organic compounds, however, are .
similar to the oxygen (ls) binding energy in molecular water. -

A typical high resolution XPS spectrum of the potassium (2p3/2, 2p1/2), .‘

-

carbon (1ls) and sodium KLL ;4 Auger peak from a titanium specimen after
immersion in potassium solutions at pH 11.0 is shown in Fig. 6. The
integrated areas of the potassium photoelectron lines and the integrated area
of the hydroxyl component of the oxygen spectrum were used in the determination
of the fraction of the hydroxyls that had exchanged a hydrogen ion for a
potassium ion as a function of pH.

PRI

The fraction of exchanged hydroxyls, also referred to as coverage, was
estimated at each value of pH by the following relationships [15].

. ® . " .'.' N '_"..“"- .:'

Tp= KXl - exp(—Z/gXK)] (17)

Iog= KopXoull - exp(—Y/gAOHj exp(-Z/ghg) (18)
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Table II
Comparison of O(ls) Binding Energies from Iron and
Titanium Surfaces with O(ls) Binding Energies
in Oxides, Hydroxides, and Organic Functional Groups
" |Experimental O(ls) Binding
Energy (eV) for Iron and Reported Binding Energy (eV) | Ref.
Titanium surfaces
Iron Surface 529.9 Fezo3 530.0 12
531.5 Fe-CH 531.4 12
532.8 H0 532.0-534.0 L,12,13
*
&y 532.6", 11
T2 534.07
*
Io *
/
-C-CH 533.0 11
+ 533.9%
-CHZ—O-CHz- 533.2 11
~c=0 533.2 11
~CH,-CH 533.2 11
Titanium Surface
529.7 Tio2 530.2 18
531.5
532.3 HZO 532.0-534.0 13

P S

Binding Energies Referenced to (—CHZ-) Carbon(ls), 283;5 ev.
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In these equations Ki = Kg,gX./E for the ith component. . The parameter K is
characteristic of the instrument, ¢ is the photoelectron crossection, g is an
instrument parameter that is a function of the angle between the surface normal
and the entrance to the analyzer (g = 0.75 in this case), A is the mean escape
depth of the photoelectron, E is the kinetic energy of the photoelectron, Z is
the thickness of the potassium ion layer and Y is the thickness of the hydroxyl
layer. The following values were used in estimating coverage: Ag = l.lnm, Ak =
1.2nm; o(Ols) = 2.85, o(K2p3/p) = 2.67; 2 = 0.266 nm, Y = 0.27 nm; E = 960.7
eV, E =721 eV. On the basis of the values of these parameters, the relation-
ship between coverage and the rat ‘o of the hydroxyl and potassium peaks was
found to be as follows.

For iron specimens, Fig. 7, the coverage, 6, increased as a function of pH
as expected for pH values up to 11.7. Above pH = 11.7, however, an unexpected
drop in coverage was observed., The region of pH where the increase in coverage
versus pH is most rapid was used to estimate the pK; for the hydrated iron
oxide on iron. Figure 7 shows that the slope has the highest value at about pH
11.5 which corresponds to a pKy; of 11.5. Because of the decrease in coverage
at high values of pH, a saturation coverage was not observed. If it is assumed
that the highest coverage obtained, 6 ~ 0.45, is close to the saturation value,
then it is apparent that either some of the hydroxyls are not available for
exchange or do not undergo exchange over the pH range shown in Fig. 7.

The coverage increased as a function of pH for the titanium specimens and
appeared to reach a saturation value above pH 10.8, Fig. 8. This saturation
value, as was found for iron, indicated that only about one half of the
hydroxyls were exchanged. A decrease in coverage at high pH comparable to
that found with iron, however, was not found for titanium. The pH at which the
rate of change in coverage is the highest gave an estimated value for pK, =
10.0 for the hydrated oxide on titanium. The lower pK, value for titanium
comgared to that for iron is consistent with the larger charge radius ratio of
Ti** in titanium oxide compared to that for Fet3 in iron oxide.

DISCUSSION

High resolution oxygen (ls) spectra of iron and titanium surfaces
indicated the presence of hydroxyls which could be clearly distinguished from
oxygen in organic contamination. The hydroxyl concentration on the oxides of
titanium and iron was found to be on the order of 2-4 hydroxyls/mm2 . The
coverage versus pH results presented in Figs, 7 and 8 show that the iron and
titanium surfaces behave as acids. Some scatter in the data, however, was
observed. Furthermore, deviation in ideal behavior was seen for iron at high
pH. The varying amounts of sodium and carbon contamination were considered as
possible causes for the scatter in the data. No correlations were found,
however, between coverage and either the total carbon signal or the sodium
signal. The organic contamination, on the other hand, may have been bound to
the surface by interaction between the organic polar group(s) and the surface
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hydroxyl. The number of surface hydroxyls tied up by the organic contamination
would be expected to be a function of the intensity of the peaks from the polar
group component at 288.6 eV in the carbon (ls) spectrum. No correlation,

however, was found between coverage and the 288.6 eV carbon (1ls) peak intensity.

-

It is possible that in solutions at high pH, the organic contamination is
displaced according to the following reaction.

0 ‘ e

2 l, v i

+- |l P
-FeOH,OC(CHy)nCH3 + OH <—= -FeOH + OC(CH2),CH3 + H20 (20)

Consequently, the surface hydroxyls could have undergone exchange with
potassium even for specimens contaminated with organics. The carbon found on
the specimen surfaces may have resulted from recontamination by organic
compounds during subsequent rinsing and exposure to air. The possible role of
sodium contamination during the exchange, on the other hand, is not clear. The
decrease in potassium coverage for pH > 11.7 for the iron specimens may be
attributed to instability of iron oxide at this pH [20].

]
j -y

il

Qur studies have not yet included spe anion exchange reactions at low pH ﬁg
that would provide a pK; value for -MOH, . The uptake of phosphate ion by :
oxide films on mild steel, however, has:%een reported by Thomas [21]. The
adsorption of phosphate on this oxide surface was followed using radioactive ]
phosphorus doped phosphate over a pH range of 7-13, and the results are E
reproduced in Fig. 9. The highest phosphate uptake was estimated to be on the .ﬁ
order of a monolayer for pH values lower than 7., Above pH 7 the phosphate 3
adsorption decreased with increasing pH. One half of the maximum uptake
occurred at pH 8.5, suggesting that the pK] for -FeOH; has a value of 8.5. On
the basis of Thomas's results and the results of our study, the acid/base
properties of the hydrated oxide on iron can be summarized as follows.

~FeOH § —FeOH + H* pkK = 8.5 (21)

I

~FeOH -FeO~ + HT K

11.5 (22)

We are not aware, however, of any anion exchange studies for hydrated

= oxide on titanium surfaces. From our study of cation exchange, we propose the
*‘ following acid/base properties for titanium surfaces.
o F . + . . '
—TlOHZ:-TlOH + H pK = not available  (23)

-TiOH =—= -Ti0~ + H?' pK = 10.0 (24)
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The more acidic nature of tltanlu% compared to iron is consistent with the
higher chargg¢/radius ratio of Ti * compared to Fe 3 in the respective metal
oxide [7].

Bolger and M{chaels [4] and Noller et al. [22] have proposed that the pKj
of the surface and\the pK,of polar groups in organic coatings can be used to
predict the strengtiNof the hydrogen bonding between surface and coating. For
example, the interactl\on between an organic acid and a hydrated metal surface
can be considered for d&rganic acids as follows,

LY

3 -pK
-MOH + H* ;:5:5 -MOH; K, = 10 PR1 (25)
AN
- \k pKa
RCOOH ——= RCOO  +#  H*+ K. = 10 (26)

Ay a

The equilibrium constant for thé interaction between the coating and surface

can then be found. 3

)
s
i

+ - K K
-MOH  +  RCOOH ===  -MOH}O00R K = 107271072 (27)

The standard free energy of the coatlﬁg/surface interaction is then a function
of this equilibrium constant. 4

-RT 1n [K,/K;] (28)

AG®

The relative strength of the bonding betwéen the surface and coating is thus a
function of the difference between the surface pK and organic polar group pKa
values.

3
A
[

56¢ = f£(pK, - pK1) | (29)

v

5

On the basis of the equilibria shown above,fthe coating would be expected to be
stable in solutions over the pH range pKi > pH > pKy . Similar arguments
are applicable for 1nteractions between the hydrated metal surfaces and organic

bases.
- ,'.“ + ',' K
-MOH —/— -MO f H ; Ko = 10P%2 (30)
’ r ‘
;‘ /
{
RCHzNHZ + A — RCHzNﬂ% Ks = 10 PKa (31)
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The more acidic nature of titaniym compared to irgp is consistent with the
higher charge/radius ratio of Ti" " compared to Fe 3 in the respective metal
oxide [7].

Bolger and Michaels [4] and Noller et al. [22] have proposed that the pKj 2
of the surface and the pK,of polar groups in organic coatings can be used to
predict the strength of the hydrogen bonding between surface and coating. For
example, the interaction between an organic acid and a hydrated metal surface
can be considered for organic acids as follows.

-MOH 4+ Ht —— —MOH*Z’ /K, (25)

RCOOH —= RCOO + H*t K (26)

The equilibrium constant for the interaction between the coating and surface
can then be found.

+ -
-MOH  +  RCOOH ==  -MOH,O0R K = K,/K; (27)

The standard free energy of the coating/surface interaction is then a function
of this equilibrium constant.

AG® = -RT 1n [K/K{] (28)

The relative strength of the bonding between the surface and coating is thus a
function of the difference between the surface pK1 and organic polar group pK;
values,

AGO = £(pKy - pK1) (29)

On the basis of the equilibria shown above, the coating would be expected to be
stable in solutions over the pH range pK; > pH > pKz . Similar arguments
are applicable for interactions between the hydrated metal surfaces and organic
bases.

-MOH —— -M0 + H K2 (30)

RCHNH, +  H* = RCHyNH} 1/K, (31)
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The relative strength of the interaction, in this case, is a function of the
difference between the surface pK, and the organic polar group pKy value.

(o]
AG = f(pK, - pK,) (32)

Interactions of this type would be expected to be stable over the pH range
pK,< pH < "pH, .

The reactions between hydrated metal oxide surface and the polar groups in
organic coatings are represented by equations (1) and (2) given earlier.
According to reaction (1) when the organic polar group is a strong acid the
surface may behave as a base. The more negative the value of (pKy - pKa) the
greater the equilibrium is shifted to the right resulting in a stronger bond
between the organic coating and the metal substrate. On the other hand, when
the organic polar group is a strong base the surface may behave as an acid.
With increasingly negative values of (pKz - pKj), the equilibrium shown in
equation (2) is shifted more to the right, forming a stronger bond between the
surface and coating.

The pK values for a number of organic acids and bases are listed in Table
IIT along with calculated values of (pK; - pKa) and (pKa - pK;) for irom.
On the basis of the pK; = 8.5 derived from Thomas's study and the pK, = 11.5
from our studies of iron, it is possible to predict which organic functional
groups are likely to form strong hydrogen bonds with iron surfaces. For
organic acids, strong bonds are favored when the organic acid pK; is less than
pK; . Thus, for example, stronger surface bonding would be expected for
carboxylic acids than that for phenols. Organic bases that would form strong
surface bonds should have pK, greater than 11.5. Since there are not many
organic bases with pK, higher than this value, basic functional groups in
organic coatings would not be expected to contribute to strong hydrogen bonding
with the surface of iron.

Since the pK] of titanium has not been determined, predictions of relative
bond strengths only between titanium surfaces and organic bases is considered
in Table IV. The hydrated oxide on titanium was found to be more acidic (pK2 =
10.0) than for the oxide on iron (pKp = 11.5). Consequently, organic bases
should interact more strongly with titanium than with iren. Addition of base
functionality to organic coatings should, therefore, be effective in promoting
bonding to titanium surfaces.

The interactions between metal surfaces and organic coatings are
undoubtedly more complex than the simple model presented in this paper. The
experimental approach and the results that were obtained have shown, however,
that surface hydroxyls are present on hydrated metal oxide surfaces and that
these hydroxyls exhibit acid/base properties. The predictions of the relative
strengths and stabilities of the interactions between organic coatings and
metal surfaces on the basis of relative pK values nee. ro be evaluated
experimentally.
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e Table ITT :
" Estimates of the Relative Bond Strenéths Between Organic Polar =
8.4 Groups and Hydrated Iron Oxide Surfaces. The Bond Strength B
g
‘ Increases With Decreasing A. . ]
) ]
X Organic pK, Iron Iron
; Compound Surface Surface ;
1 pK = 8.5 pK = 11.5 =4
A= (pK_-pK ) a=(pK,- pK ) '
e o
Ethylamine 11.0 2.5 0.5 ‘q
3 Triethylamine 10.8 2.3 0.7 !
.1.., Phenol 9.9 1.4 1.6 »
) , o
_ Benzylamine 9.3 0.8 2.2 -
Pyridine 5.7 -2.8 5.8
Acetic Acid 4.8 -3.7 6.7 é
Benzoic Acid 4,2 -4.3 7.3 ]
- Trichloracetic
- Acid 0.7 -7.8 10.8

L'-
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L
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Table IV

Estimates of the Relative Bond Strenths Between Organic Polar
Groups and Hydrated Titanium Oxide Surfaces.

Titanium
Organic pK Surface
Compound pK = 10.0

s =(pKy - pkK,)

Ethylamine 11.0 -1.0

Triethylamine 10.8 -0.8

Phenol 9.9 -0.1 s
¢ Benzylamine 9.3 0.7 q

Pyridine 5.7 4.3 1

Acetic Acid 4,8 5.2 ]

Benzoic Acid 4.2 5.8

Trichloroacetic

Acid 0.7 9.3

L -~
. -9
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Surface Modification by Abrasive Blasting

Principal Investigator: Henry Leidheiser, Jr.
Prof. of Chemistry

Associate: H. E. G. Rommal
Graduate Student

INTRODUCTION

Abrasive blasting is a common method of preparing a metal surface for
subsequent coating. The performance of the coated surface in corrosive
environments depends on many factors, including the adhesion of the coating
and the activity of the metal/coating interface. These properties are af-
fected by the preparation of the metal surface, and can be influenced by
the choice of abrasive blasting parameters.

Impingement of abrasive particles can change the nature of a metal
surface in three ways. First, and most obviously, the roughness or surface
profile can be changed. Second, abrasion can introduce residual stresses
in the surface of the metal by plastic deformation [1l], and these stresses
can alter the corrosion behavior [2]. Finally, the chemistry of the metal
substrate can be altered by removal of surface layers or by deposition of
abrasive-borne material. Surface preparation by abrasive blasting usually
involves removing most or all of any rust or scale layers, but can also be
used to deposit a desirable component on the surface, as in the case of
zinc-coated abrasives on steel [3].

A recent study [4] has revealed the fascinating observation that the
cathodic delamination performance of an epoxy coating is significantly
better if applied to steel that has been abrasively blasted with alumina
as compared to panels blasted with steel grit. The mechanism(s) responsi-
ble for this improvement have not been conclusively identified, but it is
presumed [5] that some of the alumina is incorporated in the surface iron
oxide on an atomic scale, thereby altering the electrochemical activity
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of the oxide with respect to the oxygen reduction or anodic dissolution
reactions.

The purpose of this study is to find abrasive blasting techniques
which give markedly different corrosion and/or coatings performance when
used on steel, and to attempt to identify the mechanism(s) responsible
for the changes. Samples used consisted of steel panels blasted with a
variety of abrasives, and also some steel panels coated with various metals
and blasted with glass beads to simulate blasting with a coated abrasive.

EXPERIMENTAL

Abrasive blasting was performed with a Hunter Associates Model 63E
blast gun operating at 100 psi air inlet pressure and an impingement angle
of 90° to the sample surface. Substrates used were disks punched from

Q-panel type QD panels of SAE 1010 plain carbon steel. Disks were degreased

in acetone and rinsed in methanol before subsequent surface preparations.

It was desired to blast some panels with abrasives coated with differ-
ent metals, but coating a large quantity of particles with any given metal
is a very difficult task. Instead, different metals were evaporated onto
polished steel disks and then blastedowith glass beads. Evaporated film
thicknesses were on the order of 300 A.

Oxides of different metals were also used as abrasives, but due to the
softness and low density of many of these oxides it was necessary to mix
507% glass beads by volume with the oxides in some cases. All these sample
types were tested in the as-blasted condition.

The final sample type was prepared using glass geads which were soaked
in aqueous solutions of corrosion inhibitors, sodium benzoate or sodium
acetate and allowed to dry. After blasting, disks were thoroughly washed
with methanol to remove any loosely adherent benzoate or acetate. Plain
steel disks abraded with 180 grit silicon carbide paper were also used as
a reference. Table I lists sample types prepared.

Electrochemical studies were made using the polarization resistance
technique, as it permits rapid corrosion rate determination with only small
deviations from the corrosion potential. The polarization resistance can
be represented by [6]:

8.8
R = : A°C

P 2.3 lcorr(SA*'BC)

where R is the polarization resistance in ohms*cm? , BA and BC are

the anodic and cathodic Tafel constants, and icorr is the corrosion

current density in A/cm?. To avoid errors in determination of 8, and SC’

i values were not calculated. However, since

corr
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Table I "q
List of Sample Types ;jt 3
Substrate Abrasive Type Abrasive Size (Mesh) -:i
o
Plain Steel Silicon Carbide Paper 180 .]
R
Plain Steel Alumina 60 'a
Plain Steel Steel Grit 80 f”%
Plain Steel Glass Beads 80 1
Plain Steel Cuy0 + Glass Beads ~600 Lii
Plain Steel Cr,05 + Glass Beads ~600 “
Steel + Al Evap. Glass Beads 80 :
Steel + Cu Evap. Glass Beads ' 80 ""i
Steel + Cr Evap. Glass Beads 80
Steel + Ni Evap Glass Beads 80
Steel + Ti Evap. Glass Beads 80 h‘%
Steel + Co Evap Glass Beads 80
Steel + Fe Evap. Glass Beads 80
Steel + Sn Evap. Glass Beads 80 qu
Steel + Zn Evap. Glass Beads 80
Steel + Au Evap. Glass Beads 80 f"?‘zﬁ
Plain Steel Glass Beads + Sodium Benzoate 80 _”.1
; Plain Steel Glass Beads + Sodium Acetate 80 i
. ‘.'51
C ;Ji
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higher values of Rp indicate lower corrosion rates, and Rp values are a valid
comparison.

Electrolytes used were 0.1M borate aqueous solutions of pH=8.5 with
three different concentrations of sodium chloride: Zero, 0.005M, and
3wt.Z (0.51M). In addition, plain distilled water and aqueous 0.IM sodium
sulfate, pH 6.4, were used.

Polarization resistance measurements were performed using a PAR Model
350 corrosion measurement console at a scan rate of 0.l mV/sec. High solu-
tion resistance values for the distilled water were measured using a PAR
Model 356 IR compensation module, and the data were adjusted for that solu-
tion. All tests were carried out at 25°C and solutions were neither stirred
nor deaerated. ‘

Sample surfaces were characterized in several ways. Surface roughness
values were calculated using data from a Taylor-Hobson Surtronic 3 profilom-
eter, and used to calculate surface areas for the data at the end of the
results section. Most of the data are not corrected for surface area,
and a value of 1.0 cm?® (the geometric area) is assumed in these cases. For
these tests, values of R_ will be given only in ohms rather than ohms-cm?
to avoid confusion. As will be shown, the assumption of equal surface area
is not valid, but the values obtained. with the profilometer are equally
questionable. A section on surface area analysis appears later in this
report. Surface geometry was qualitatively characterized by scanning
electron microscopy.

Elemental analysis was performed using energy dispersive X-ray micro-
analysis and Auger electron spectroscopy.

RESULTS

Electrochemical Measurements

Figure 1 shows the behavior of Ecorr and vs. time for four sample types

in pH 8.5, 0.1M borate solution, a highly passivating medium. Sample types
are plain steel abraded as follows: 180 grit SiC paper, 60 mesh alumina
blasted, 80 mesh steel grit blasted, and 80 mesh glass bead blasted. The
steel grit blasted samples showed the most noble E.orr while the 180 grit
abraded disks had the most negative. However, both of these samples had
similar Rp values when not corrected for surface area. Polarization resist-
ance values were lowest for alumina blasted samples. All specimens showed
increasing E.opr and Rp with time, typical of the highly passivating borate
solution.
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Similar plots for the samples blasted with Cuy0 and Cr203/glass bead
blends and the 180 grit SiC paper abraded disks appear in Figure 2. Here,
both blasted samples have significantly more noble E.oyy values, with the
Cuy0/glass samples approaching 0.0 volts vs. SCE. Rp values are also re-
markably high for the oxide blasted samples, indicating extremely low cor-
rosion rates.

Figure 3 gives behaviors for all the evaporated metal/glass bead
blasted disks which were tested in the 0.1IM borate. E.orr was signifi-
cantly raised for samples with evaporated films of Cu, while films of Ni,
Ti, Co, and Fe lowered E.,ry somewhat. Samples having pre-blasting films
of Al and Cr had potentials much like that of the plain glass bead blasted
disks, which also appear in this figure. All metal films, except Al, re-
duced R, when compared with glass bead-only blasting, with Ni having the
largest effect.

The performance of the inhibitor-coated glass bead blasted samples
compared with plain glass bead blasted disks in borate is shown in Figure
4. E.orr for the samples blasted with sodium benzoate coated glass beads
was more noble, while for those bl..sted with sodium acetate coated beads
Ecorr was more negative, when compared with blasting with uncoated beads.
However, both inhibitors yielded improved performance, especially the sodium
benzoate, which increased by up to a factor of five. The improvement
with sodium acetate was marginal.

The addition of 3wt.% NaCl to the 0.1M borate solution increases its
aggressiveness markedly.

Figure 5 depicts the performance of the same samples as in Figure 1
in the borate with 3% NaCl. Ignoring differences in surface area, plain
steel abraded with SiC paper had the highest Rp, while the alumina blasted
disks had the lowest. The most noble Eqorr values were for the SiC abraded
and steel grit blasted samples, while alumina blasting vielded the lowest
Ecorr:

Disks blasted with Cuj0 and Cr203/glass bead mixtures are compared to
SiC abraded steel in Figure 6. In the solution with 3% NaCl, large differ-
ences in E., ., resulted from these three samples. Cup0 blasting caused
the most noble E.,p, while Cry03 blasting led to the most negative. R
values have a similar trend, where Cu,0 blasted disks had the highest
values.

Three of the evaporated metal/glass bead blasted sample types were
tested in this aggressive solution. Figure 7 depicts the behavior of
samples with pre-blasting films of Al, Cu, and Cr along with that of plain
glass bead blasting. As was the case for the borate-onlv solution (Figure
3), the Cu and Cr reduced R,, Al increased Rp slightly, and Cu gave a more
noble E.opp. For all samples in this solution, E_,p, showed a steadv de-
cline with time while Rp remained virtually constant (except Cus0 blasted).

The same three series of sample types tested in borate-37% NaCl were

also tested in distilled water. Figure 8 contains data for SiC paper
abraded, and alumina, steel grit, and glass bead blasted steel in distilled

-72-
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H,0. Once again, if surface area is not considered, alumina blasting results
in the lowest values. Also in this case, blasting with steel grit gave
the most improvement in R,. Ecory values followed the trend with steel grit
blasting yielding the most noble value and alumina the most negative.

The relative performance of Cuy0 and Crp03/glass bead blasting to plain
abraded steel in distilled water is very similar to their behavior in borate-
3%NaCl. Cuj0 blasting resulted in the most noble E.,py and the highest Rp,
while Cry,03 led to the lowest Rp, as seen in Figure 9.

The commonly detrimental effect of the metal films on steel prior to
glass bead blasting holds for distilled water, as shown in Figure 10. Glass
beads alone gave the highest Rp while films of Cu and Cr gave the lowest.
However, the Cu films no longer result in a more noble E but both Cu

and Cr reduced Ecorr somewhat.

corr?

, In the two remaining solutions, 0.1M borate-0.05M NaCl and 0.1M scdium
sulfate, only the two series of glass bead~type samples have been tested.
Disks having pre-blasting evaporated films of Cu, Ni, Ti, Co, and Fe were
used in both solutions, while films of Sn, Zn, and Au have also been tested
in the borate-0,05M NaCl solution. 1In addition, the two inhibitor-coated
beads, as well as.plain glass beads, were used to prepare samples for both
solutions.

Figure 11 shows the behavior of the metal film/glass bead samples in
the borate-0.05M NaCl. Notable increases in Rp were observed for films of
Co, Fe, and Zn with Zn being the highest. Ecorr for the Co and Fe film
samples was more noble than the rest while all film samples showed a higher
Ecorr than glass beads alone.

The effect of the inhibitors is much less noticeable in the borate-
0.05M NaCl solution. Rp values were similar for all three sample types,
as shown in Figure 12, with sodium benzoate having an initially higher Rp
value which decayed with time. The differences in E.grr are more striking,
with the benzoate yielding a much more noble value, and sodium acetate the
Jowest.

For the sulfate solution, the pre-blasting metal films had much less
effect on values. Figure 13 shows that only Co produced a measureable
increase. RK range of values of E rr were observed. However, with all
metals yielding a more noble E., .y, Cu yielded the highest value.

Finally, the inhibitor coating of glass beads provided no improvement
of R, in the sulfate solution. E. ., was also lowered by both inhibitors
as sEown in Figure 14.

Surface Morphology and Chemical Analysis

Disks which had been blasted with 60 mesh alumina, 80 mesh steel grit
or 80 mesh glass beads were examined by scanning electron microscopy (SEM).
Figure 15 shows micrographs of the three sample types. The surfaces of the
alumina and steel grit blasted samples were very rough and angular while the
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80 MESH STEEL GRIT

Figure 15. Scanning electron micrographs of steel surfaces after different
abrasive blasting. (Continued on following page.)
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80 MESH GLASS BEADS

Figure 15. (Cont'd.)
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smoother glass bead blasted surface had a peened appearance. Embedded frag-
ments of all three particle types are visible, especially in the higher
magnification photos.

Energy dispersive X-ray spectrometry (EDS) was used to identify elements ST
present in several sample types. Aluminum was easily detectable in the ??F
alumina blasted samples, as were significant quantities of silicon, sodium B
and calcium in the glass bead blasted disks. Copper and chromium were like-
wise found in the case of the specimens blasted with .their oxides. No
traces of the metal film elements were found by EDS on the blasted surfaces. ' S

T
Aat ey

Auger electron spectroscopy (AES) revealed the presence of the Al, Si, .
Na, Ca, Cu, and Cr mentioned above, in addition to some elements from the .
metal films. Very small quantities of Al, Cu, Cr, Ni, and Co were found on .
their respective evaporated film/glass bead blasted samples. However, no -
traces of Ti, Sn, Zn, or Au could be detected for their sample types. Since
the substrate was steel, presence of iron peaks in EDS or AES spectra gives

no information about the steel grit blasted or Fe film/glass bead blasted
samples.

.
’ »
NI

e %o
.

O RPN

SURFACE AREA DETERMINATION

The profilometer method used in this study for the determination of s
sample surface areas was the same as that used in a previous study [5]. The
profilometer output gives a value of Ry or "roughness average.'" R, is simply
the average deviation of the diamond stylus as it traverses the sample from
a mathematically constructed center line. It is truly a measure of average
asperity height. It is, however, not a good measure of surface roughness
as it relates to surface area.

Figure 16 depicts hypothetical surface profiles for two different samples.
Note that both profiles are modeled as triangle waves with equal amplitude B
but different frequencies. Both curves have equal Rp values since the average QPR
deviation from the center line is simply half the peak amplitude. The rela-
tive areas of the two surfaces would be quite different, however, and the area .
ratio would be given by the ratio of the two curve lengths. For the curves ' o
shown, this ratio is 1.22:1 for the dashed curve: the solid curve. Hence
a 227 error is introduced simply by using R, values, and it is easy to
imagine errors of much greater magnitude on real surfaces. In addition,
the diamond stylus is fairly large— 10 um tip radius—and would miss any
surface changes of lesser magnitude. Clearly the fine detail of surface
profile plays an important role in the determination of the electrochemical-
ly relevant area. SO

In order for any electrochemical measurement involving the corrosion .
current density to be meaningful, the surface roughness must be known. To Sl
date the profilometer method gives the best estimate. Though its values are
probably not very accurate, they have been used to modify the pertinent
data. Table II lists Ry, values and estimated surface areas for all sample
types on the basis of 1 cm? gernmetric area, where
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The standard for a smooth surface used was a steel disk polished with 0.05
um alumina.

Figures 17-19 show the data from Figures 1, 2, 5, 6, 8, and 9, cor-
rected for surface area using these values. Clearly, the relative ranking
of samples changes dramatically in most cases. In Figure 17a (see also
Fig. 1), all three blasted samples show an improved value, with steel
grit being far the best. Similar results are obtained for Figure 18a as
compared to Figure 5. Lesser changes are noted in the other graphs.

Table II
Roughness Values and Surface Area Estimates ]
by Profilometer Measurements _'»i
2
Steel Surface Preparation RA (um) Surface Area (cm?) ‘
Polished 0.046 1.0 (STD)
180 Grit SiC Abraded 0.390 8.5
60 Mesh Alumina Blasted 2.790 61
80 Mesh Steel Grit Blasted 3.262 71
80 Mesh Glass Bead Blasted 1.818 40
(with & without metal films)
Cuy0 + 600 Mesh Glass Bead 0.350 7.6
Blasted
Cr203 + 600 Mesh Glass Bead 0.570 12
Blasted
-91-
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Figure 17. Plots of Rp adjusted for surface preparations on steel in 0.1M
borate solution, pH=8.5. See Figures 1 and 2 for comparison.

-92-




'I‘I!l._ll! q ! ! ! ..l v!'!""‘ DAY ChnY PR A Nt S S Sl . - g - NS A |
o .

o

~a

.

»

-

Lo

0

-

LV H 1 -

)

“ bk

FF

“:" :'!'c
125 4 Siott—
' o
— s
£
=
‘ ‘)/)'A,A—b—v‘_h“—‘ wZ
b’ S o a-
&
5} —1 I 1 - L L 1
A =3 {5 5) 153 269 g parti iz 1= =78
TINME <HMIM> TIME <MIH-
(a) (b)
KEY KEY
0 180 Grit SiC Paper Abraded 0 180 Grit SiC Paper Abraded
== 60 Mesh Alumina - ~600 Mesh Cuzo + Glass Beads
X 80 Mesh Steel Grit b 600 Mesh Cr,0, + Glass Beads
< 80 Mesh Glass Beads
Figure 18. Plots of adjusted for surface preparations on steel in 0.1M
borate, 37 NaCl solution, pH=8.5. See Figures 5 and 6 for
comparison. : “
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adjusted for surface preparations on steel in 0.1M
borate solution, pH=8.5.

See Figures 8 and 9 for comparison.
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DISCUSSION

It is clear that using different values of roughness to correct
polarization resistance data, or any other data related to corrosion cur-
rents, can alter the apparent electrode behavior considerably. Thus it is
essential to use correct values for surface area. Data from the profilom-
eter probably adjust Rp values in the right direction, but not the right
magnitude from sample to sample. Another method of roughness determina-
tion must be found before the real magnitude of the polarization resist-
ance values can be calculated. 1In this study to date, values adjusted
with profilometer data are the best estimates and will be used in further
discussion.

Figure 20 shows schematic Evans diagrams (potential vs. log current
density) of a corroding system in which the activity of the sample for the
anodic (Fig. 20a) or cathodic (Fig. 20b) half-cell reactions changes. In
both cases, a decrease in iy, corresponding to increasing Ry, is shown
in the change from state 1 to state 2. However, in Figure 20a, as the cor-
rosion rate decreases, E or increases, while the reverse is true for Figure
20b. Thus a knowledge of°the correlation between changes in with changes
in Ec.qppr upon surface modification indicates which half-cell reaction is
more greatly influenced. This treatment involves the assumption that the
anodic and cathodic Tafel slopes do not vary considerably with surface
treatment.

For neutral to alkaline aerated solutions such as those used in this
study, the predominant reduction reaction is oxygen reduction,

02 + 2Hy,0 + 4e —=40H

while the anodic reaction is metal dissolution and/or oxide formation. A
closer examination of each sample/electrolyte group leads to the following
deductions.

Referring to Figure 17a for Rp and Figure 1 for E.,,.p, all three
blasting treatments increased both R, and Ecorr. This indicates that it
is primarily the anodic reaction which undergoes the most reduction in
activity for alumina, steel grit, and glass bead blasting when exposed
to 0.1M borate solution.

The same can be said for Cus0 and Cr203 abrasives, as shown by
Figures 17b and 2. It was noted, however, that samples blasted with those
materials were coated with a substantial film of loosely adhering oxide
which would serve to act as an insulating coating. Increases in Rp and
Ecorr for these samples indicate little about the nature of the steel sur-
face, and steel prepared in this way would have little usefulness as a cor-
rosion resistant surface or a substrate for coatings. For this reason,

results pertaining to these samples will not be discussed further.
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Following this pattern of analysis through the rest of the data,
nine examples of simple abrasive blasting yielding an increase in com—
pared to SiC abraded steel can be found, while an additional six instances i
of metal film deposition or inhibitor soaking cause an improvement relative -
to glass bead blasting alone. These results are consensed into Table III. --l!

It is interesting to note that since the abrasives were identical for )
the disks with evaporated metal films, the surface areas and stress states o
should be equal. Hence, any changes in electrochemical behavior were for
purely chemical reasons. Also, in some cases for films of Ti, Sn, Zn, and
Au, the values of and/or E.ory changed even though no traces of these
elements could be found by Auger electron spectroscopy. This result sug-
gests that small chemical changes in the surface can lead to large changes
in corrosion behavior.

It should be stressed that no large table of all samples in each solu-
tion ranked from best to worst can be constructed without first obtaining
reliable surface area measurements. In addition, the analysis by comparing
Rp and Eqopy variations involves many simplifying assumptions which are not
necessarily entirely obeyed. Further electrochemical characterization is
needed to substantiate these speculations.

Perhaps most important of all, it is necessary to separate the effects
of each of the three components of surface modification by abrasive blasting
(roughening, residual stresses, chemical changes) before a complete under-
standing of any one abrasive/substrate/electrolyte combination can be realized.

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

Abrasive blasting as a surface preparation technique causes complex
changes in corrosion behavior. These changes are brought on by one or
more of: variations in surface profile, alterations in the stress state of
the surface, and chemical changes of oxides or other surface species.

Characterization of electrochemical behavior requires a knowledge of
real surface area. This quantity is quite elusive, and is worthy of further
attention. Techniques which measure adsorption or surface capacitance are ..
possible candidates. Once this is accomplished, more definite comparisons
can be made between abrasive blasting techniques.

Using surface area data obtained to date, steel grit blasting of steel
yields a greater increase in polarization resistance than either alumina
or glass bead blasting. This conclusion depends on the accuracy of area
measurements.
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In general, abrasively blasted steel surfaces have a higher corrosion
resistance than plain steel surfaces. Also, some preliminary work with
abrasives coated with chemical inhibitors shows promise.
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S Table III

List of Rp Improvements and Assumed Reaction Changes

Rp Higher Direction of Reaction with
Surface Treatment Relative to Ecorr Change Reduced Activity
0.1M Borate, pH 8.5 ' ;;;
Alumina Abraded + Anodic ?Q]
-, .-‘
Steel Grit Abraded + Anodic "'i
Glass Beads Abraded + Anodic .
f Beads + Benzoate Glass Beads + Anodic
.
Beads + Acetate Glass Beads - Cathodic .
-
< o
—
y 0.1M Borate, 37 NaCl, pH 8.5 .
L Alumina Abraded - Cathodic
) Steel Grit Abraded 0 : Both
Glass Beads Abraded - Cathodic

0.1M Borate, 0.05M NaCl, pH 8.5

- Co Evap. + Beads Glass Beads + Anodic
Fe Evap. + Beads Glass Beads + Anodic SR
Zn Evap. + Beads Glass Beads + Anodic ffa
o 0.1M Sodium Sulfate, pH 6.4 -
. P .
- Co Evap. + Beads Glass Beads + Anodic B
o Distilled Water
¢ Alumina Abraded - Cathodic T
l Steel Grit Abraded + Anodic S
Glass Beads Abraded 0 Both
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Very small changes in surface chemistry— even those below the de-
tection limit of Auger electron spectroscopy—can have noticeable effects
on the corrosion behavior of abrasively blasted steel. More detailed
surface chemical analysis will be carried out, including X-ray photoelectron
spectroscopy. Surface residual stresses will be determined for each sample
type by X-ray diffraction methods. Also, samples will be tested after
stress relief.
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Program #5 j

Surface Modification of Iron by Anodization and Titanation

Principal Investigator: Richard D. Granata
Research Scientist

ABSTRACT

Previously completed work suggested pursuing sulfate or nitrate media for
anodic treatment of iron substrates for the purpose of modifying the protective
oxide layers. A sulfate medium has been developed which permits anodic passi-
vation in the presence of ferrous ion. Various ratios of aluminum-ferrous ion
additions have been tested with the sulfate medium. Polarization resistance
measurements and cathodic polarization curves have been determined using speci-
mens prepared from these media with an anodization treatment. Results have
shown that a 1:2 ratio of aluminum to ferrous ion in the anodizing medium may
yield lower corrosion rates due to decreased oxygen reduction rates. Another
means of modifying the iron substrate has been investigated in which a titanium
chelate compound was reacted with the iron surface to produce a titanized sur-
face layer. The titanized iron surfaces yielded higher corrosion potentials
and polarization resistance values in buffered borate solution than did non-
titanized surfaces. Cathodic polarization curves suggest that the titanated
steel surface is more stable towards reductive dissolution than non-titanated
steel. Anodic polarization curves suggest that the titanated steel surface
was more easily passivated than non-titanated steel. Auger surface analysis
showed that the titanizing technique incorporated 107 titanium versus iron in
the surface oxide layer. The titanizing technique appears to be a viable means
of modifving steel surfaces.

-100-




Cinlin e and

INTRODUCTION

The importance of the oxygen reaction in atmospheric corrosion is well
known [1]. The reaction,

0, + 2H,0 + 4e” = 4OH

is also firmly established as a fundamental process in coatings failure on metal
substrates in cathodic delamination studies [2-8]. It has been proposed that the
corrosion rate of a zinc substrate can be decreased by control of the cathodic
reaction {9]. It was further shown that such control was possible through use

of Co(II) or Ni(II) salts to decrease the rate of the oxygen reduction reaction
[10]. It has also been shown that the cathodic reaction on zinc can be inhibited
by cathodic treatment of a chromated surface [11]. The cathodic reaction on iron
and steel can also be inhibited by anodic treatment of the steel surface in a
solution containing an appropriate organic compound [13]. Mechanisms of corro-
sion inhibition pertaining to organic coatings have been reviewed [14] and con-
trol of the oxygen reduction reaction on the interfacial oxide was emphasi-
Specifically, control of the electronic properties of the oxide at the ir

face, particularly with regard to the catalytic inactivity towards the cuacnedic
reaction, has been proposed [8].

The studies and areas of research cited above were, in part, the basis for
the current program work. The work has included a literature survey [15] which
is summarized below in terms of the program's objectives:

1. Understanding of the passive layer on iron has progressed to
semiconductor models and there is increased use of semiconductor
techniques for studies of passive iron layers.

2. The semiconductor properties of oxide-covered metal substrates
and modified electrode surfaces are being more intensely studied
with the major emphasis on catalysis of oxygen reduction for
applications in the energy industry.

3. Chemical modification of electrode surfaces is a powerful tech-
nique for tailoring special purpose electrochemical surfaces,
especially with respect to catalysis of the oxygen reduction
reaction. Inhibition of the oxygen reduction reaction has not
been specifically studied.

4. The study of oxygen reduction reactions on the surfaces of bulk
materials without surface modification is being pursued more ag-
gressively and the prognosis is for moderate success in the
design of materials with desired properties.

The results obtained and reported previously in this research program using an
anodizing technique on an iron substrate have shown modest inhibition of the
oxygen reduction reaction. An alternate means of modifying oxide-covered metal
surfaces using chemical modification of an iron substrate with a titanium
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chelate compound is being investigated for comparison purposes. The results of
this study are reported herein.

The studies and results discussed above were the basis for this study of
the oxvgen reduction reaction kinetics on electrode surfaces modified using
chemical techniques [16]. The objective was development of a better under-
standing such that a substrate/interface/coating system may be designed with
knowledge of chemical modification effects and compared to anodic electrochem-
ical modification effects. Comparisons are made which are applicable to en-
hanced coating system performance.

The titanizing technique was adapted from chemical methods for surface
modification [16]. 1In this technique, the iron surface was treated with a re-
active titanium compound to produce a modified surface layer containing titanium,
The titanium compounds considered for surface modification reactions generally
undergo hydrolysis to form more stable products. In the presence of water, the
hydrolysis may continue to formation of titanium dioxide or hydrous titanium
dioxide as the final product. A variety of titanium compounds is commercially
available, including alkyl, alkoxy, and chelate compounds. For the initial
studies with titanizing, titanium acetylacetonate was selected for its moderate-
lv slow hydrolysis rate, permitting better reaction control than for the rapidly
hydrolyzing alkyl and alkoxy compounds. The formula for the titanium acetyl-
acetonate used for this study is given by:

Ti(OC3H7)2[OC(CH3):CHCOCH3]2

The initial reaction between the iron surface and titanium acetylacetonate is
given below in schematic form:

Ti(OR)4 + FeOOH = (OR)3Ti0FeO + ROH

The remaining reactive sites of the titanium compound may react with additional
iron hydroxyl groups or with water to form a mixed oxide containing titanium
and iromn (TiFexO ). Depending upon the extent of reaction, organic groups mayv
be made to remaih as substituents of the titanium/iron mixed oxide.

EXPERIMENTAL METHODS

Two methods for modifying iron surfaces were used in this investigation.
The anodization technique was a continuation of work reported previously [12].
The titanizing technique has been developed during the current report period.

Anodization Technique and Evaluation

The anodization technique was adapted from that described by Leidheiser and
Konno [13]. The technique consisted of abrading the substrate, SAE 1010 steel,
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with 240 grit silicon carbide paper, rinsing with water, a final rinse with
methanol, and allowing the specimen to dry in a desiccator. The specimen was
abraded with 600 grit silicon carbide paper just prior to immersion in the
anodizing medium and subjected to anodic polarization to produce a passive
oxide film. The anodic polarization was conducted in either a glass battery
jar fitted with reference, counter electrodes, and a mechanical stirrer, or a
standard electrochemical cell (Princeton Applied Research Corp. Model K47)

with a magnetic stirrer. All potentials are reported versus the saturated
calomel electrode (SCE). A Princeton Applied Research Corp. Model 350 Corro-
sion Measurement Console or Model 173/376 potentiostat was used for the appli-
cation of the anodic potential. The treatment solutions are given along with
the results in a later section of this report. The anodization treatment was
a two-step anodization process consisting of polarization at 0.8 v for 10
minutes followed by polarization at 1.0 v for 10 minutes. These treatments
were selected with the intent of growing passive oxide films into which dopants
(impurities) were incorporated. The specimens were immediately evaluated for
corrosion resistance with the polarization resistance technique using an EG&G
Princeton Applied Research Corp. Model 350 Corrosion Measurement Console with
a Model K47 electrochemical cell containing a pH 8.5 borate solution. The
polarization resistance measurement was conducted on a smaller surface area

(1 cm®) than the anodized area (2 cm*) such that edge effects (untreated areas)
were avoided. The polarization potential range was -0.025 to +0.025 v versus h
the corrosion potential with a scan rate of 0.1 mv/sec. Immediately after com-
pletion of the polarization resistance measurement, a cathodic polarization curve
was obtained in the same electrolyte at a scan rate of 1 mv/sec from the corro-
sion potential to -1.5 v.

1

(Y

9.

Titanizing Technique and Evaluation

T Ny
. '

ra)

The titanizing procedure for ferrous substrate consisted of abrading a
specimen of SAE 1010 steel with 120 grit silicon carbide paper, rinsing with
distilled water, rinsing with methanol and drying ir. a Freon stream. The speci~
men was dipped in a solution of 1:5 Dupont Tyzor AA (titanium acetylacetonate)
in ethyl acetate until a uniform film was obtained upon removal from the solu-
tion. The solvent was removed by blow-drying in a Freon stream. The specimen
was heated on a hotplate at 100-150°C for 15-60 minutes. After cooling for 5
minutes, the specimen was mounted in a holder, inserted in an EG&G Model K47
electrochemical cell and electrochemical tests were begun. Blank specimens
were prepared and tested in a similar manner without exposure to titanium
acetviacetonate to permit direct comparison of electrochemical data.
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Electrochemical testing consisted of consecutive polarization resistance
measurements for several hours followed by cathodic and then anodic polarization
curve determinations. Additional polarization resistance measurements were
made after polarization curve determinations for most specimens. The electro-
chemical testing was performed with an EG&G Princeton Applied Research Model 350
Corrosion Measurement Console. The test electrolyte was borate buffer solution
prepared by dissolving 38 g sodium borate decahydrate and 17 g boric acid in
water to make 1000 ml of solution and yielded a pH of 8.4. The polarization
resistance measurements were obtained repetitively every 15 or 60 minutes using
a ~-0.006 to +0.002 volt range versus the corrosion potential. The cathodic
and anodic polarization curves were determined at a scan rate of 1 mv/sec from
the corrosion potential to -1.2 and + 1.2 volts, respectively.
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Surface analysis of the titanized surface was made with Auger electron
spectroscopy. The specimens subjected to the titanizing and electrochemical
techniques were analyzed.

RESULTS AND DISCUSSION

A summary of the results obtained for anodized specimens is given in Table I,
These data represent some of the more favorable results obtained with this tech-
nique. Many additional trials were attempted, but problems were experienced
with the solution chemistry (pH/solubility) or the anodization did not yield a
passivated surface during treatment. The results obtained for the polarization
resistance experiments were small differences in values relative to the many
orders of magnitude observable with this technique. Also, the Rp values did not
reveal a response to the presence of aluminum ion in the anodizing medium. Since
the relationship of to the electrochemical activity of the specimen depends
partly upon the values of the Tafel constants, there may be no direct relation-
ship of to anodization in the presence of aluminum. The data given for the
cathodic Tafel constant indicate a dependence on aluminum. For small differences
in Ry values, the cathodic Tafel behavior can have a significant influence on
electrochemical activity. The corrosion currents, I., determined from the
cathodic Tafel slope and the corrosion potential, are lower by a factor of 2
or 3 for the samples anodized in the presence of aluminum. Figure 1 shows
cathodic polarization curves obtained for specimens anodized without Fe or Al
present, with Fe present and with Fe and Al present (Media A, B and C, respec~
tively, Table I). The curve for A shows transitions from cathodic to anodic
currents indicating less stable oxide layers than the other specimens. The
curve for B shows more stable oxide layers, but higher hydrogen reduction cur-
rents -at the more negative potentials. The curve for C shows stable oxide
layers, low hydrogen reduction currents and modified cathodic activity in the
vicinity of the corrosion potential for the specimen anodized in the presence
of aluminum.

Table I

Treatment Media and Electdochemical Data for Anodized Specimens

CTC L.
Medium (kohm-cm?) (v/dec) (uA/cm?)
(4): 14 NapSO,, 0.001 HyS0, 120 0.135 0.51
(B): (A) plus 0.1M FeSO4 ¥ 91 0.136 0.52
(C): (B) plus 0.05M AlK(SO4)2 90 0.108 0.16
(D): " " 87 0.127 0.29
(E): (B) plus 0.075M AlK(SOa)2 130 0.109 0.16

CTC - Cathodic Tafel constant

-

1 = Corrosion current determined from cathodic Tafel slope
and corrosion potential. ’
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Figure 2 shows the polarization resistance values versus time for blank
(non-titanized) and titanized specimens. The values for the titanized
specimen show a more rapid increase versus time than for the blank specimen.
After immersion for 8 hours, the titanized specimen yielded an R, value 4 times
greater than that for the blank specimen. Figure 3 compares the cathodic polar-
ization curves for blank and titanized specimens. The titanized specimen gave
more positive corrosion potential values, a lower cathodic Tafel constant and
more stable currents at -0.6 volt versus SCE than did the blank specimen.

These characteristics are indicative of a more stable and corrosion protective
surface layer for the titanized specimen versus the blank. Figure 4 compares
the anodic polarization curves for blank and titanized specimens. The anodic
curves are similar. However, the curve for the titanized specimen shows a
smaller anodic peak at -0.6 volt suggesting a more readily passivated surface
versus the blank specimen. Note that the anodic curves were obtained after
cathodic polarization, which treatment leaves the specimens in an active state
before commencement of the anodic curves.

Results obtained for Auger electron spectroscopic surface analysis of a ;
titanized specimen are shown in Figure 5. The spectrum is that expected for 1
a steel specimen subjected to electrochemical treatment in borate solution.

The main distinguishing feature of the spectrum is the presence of a relatively
small peak due to titanium. The titanium peak indicates that titanium has been
incorporated in the surface oxides of the steel substrate and is present in a
sufficiently stable form to resist dissolution upon application of electrochemi-
cal treatments. An estimate of the ratio of titanium versus iron in the surface
oxide layers is 107. The specimen was analyzed at several different point loca-
tions on the surface and yielded similar spectra indicating a uniform incorpora-
tion of the titanium in the steel surface layers.

-
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Figure 3. Comparison of cathodic polarization curves for titanized steel (solid
line) and non-titanized steel (dashed line).
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